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Abstract 

This dissertation presents the results of dynamic material tests and computational 

modeling exploring the effects of regional rib mechanical properties on thoracic fracture 

patterns.  Test coupon modeling was used to verify the test setup.  These material 

properties were incorporated into a human body computational model.  The data from the 

material tests for all subjects indicate a statistically significant increase in the average 

stiffness and average ultimate stress for the cortical bone specimens located in the lateral 

portion of the ribs (11.9 GPa modulus, 153.5 MPa ultimate stress) versus the anterior 

(7.51 GPa, 116.7 MPa) and posterior (10.7 GPa, 127.7 MPa) rib locations.  The results 

from computational modeling for both frontal and lateral impacts illustrate that the 

location and number of rib fractures are altered by the inclusion of rib material properties 

that vary by region.  A sensitivity analysis of the effects of altering the failure strain 

criteria on the number of rib fractures predicted is performed revealing improved 

sensitivity of the modified THUMS model versus the original THUMS model for failure 

strains from 0.8 to 1.8%.  The results from the small specimen tests are compared to 

results obtained for three-point bending of whole human rib sections. 
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1. Introduction 

In protecting the automobile occupant, there are many factors that are important.  

The current governmental standards use crash test dummies to evaluate cars for safety.  

The future, however, will more directly involve computational models of the human body 

for more specific injury prediction.  Currently, car companies use computational models 

for initial design and dummies in house to check prototype products.  The government 

(NHTSA), establishes safety performance standards for automobile design, and these 

performance standards are implemented through the use of injury criteria.  The 

performance standards put numbers on things such as head injury, neck injury, and chest 

injury.  The companies and the Insurance Institute for Highway Safety (IIHS) use 

dummies to evaluate the safety of automobiles.  In many cases, the effectiveness of the 

dummy is questioned, particularly if the governmental agency or independent evaluator is 

testing the automobile in some non-standard way.  The companies need a dummy that is 

effective for every direction of impact, every type of impact.  Thus, there are designs 

being created for dummies that are biofidelic in different types of impacts.  The dummies 

that have been designed for use include the CRABI (Child Restraint AirBag Interaction) 

dummy, the SID (Side Impact Dummy), and now the THOR (Test device for Human 

Occupant Restraint), which is the next generation of dummy, to replace the Hybrid III.  

The THOR is the dummy of the future, and will have improved facilities for injury 

measurement.  So far, the THOR has increased assessment potential of belt/bag 

interactions, improved neck and spine designs, more realistic kinematics, better 

abdominal injury assessment, hip joint injury assessment, lower extremity injury 

assessment, and localized facial injury assessment.  The industry and government are 

doing everything they can to improve occupant protection in cars, but many of the 

improvements may be ignoring the increasing power of computers over the next several 

decades and the idea that predictive systems built from the ground up have far greater 

potential than systems built from overly simplistic ideas and then refined.  Finite element 

modeling has high potential to be a superior tool, because the user has the capability to 

measure directly things like stress and strain in individual organs, and may no longer 
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have to rely on indirect criteria to correlate overall deformation to AIS (Abbreviated 

Injury Scale) injury levels.  

In addition to practices established over years by companies, it is essential that 

computational models give very accurate interpretations of injuries, so they must be 

designed neither to give conservative estimates of injuries nor overestimates of injuries.  

It should be the responsibility of the end designer of the automobile or safety system to 

determine the correct factors of safety on components.  Any discrepancy in the predictive 

power of the models, be they crash test dummies or finite element models, will 

compromise the designer’s ability to effectively determine their safety factors.  The 

effectiveness of a computational model is based entirely on the assumptions made to 

create it.   

There is much work in the literature regarding the different criteria, such as CTI 

(Combined Thoracic Injury criterion), acceleration, and compression, but it is currently 

generally accepted that compression gives the best indicator of the danger to the occupant.  

In fact, one of the main reasons for airbags is to further distribute load over the thorax so 

that displacements will not be entirely dependent on deceleration and ride-out of the belt.  

The airbag provides an additional safety system to absorb energy.  The distributed nature 

of this energy absorption lowers overall thoracic deflection for the same crash severity.  It 

is widely accepted that it is better to distribute loads over the front of the thorax, but these 

are general rules of thumb. 

There is a current thrust in industry and government to protect the out of position 

occupant, and to be able to predict more diverse and specific soft tissue injuries with 

greater accuracy.  This emphasis is exemplified by current NHTSA modeling projects 

such as SIMON, the Simulated Injury MONitor, which takes global measures from a 

dummy and applies them to individual finite element models.  As a model is developed 

for the thorax, it will be necessary that this model break in the right places, that fractures 

occur at the right times, etc.  This is more difficult than it sounds.  Modeling techniques 

incorporating failure need further refinement and many of the soft tissue and hard tissue 

models being used are not necessarily the best suited for the tissues they are modeling.  
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This dissertation assumes a priori that for a thoracic model to be 100% biofidelic, it will 

need to take into account regional variation in material properties.   

The goals of this dissertation are therefore many.  In the first Chapter, current 

thoracic injury criteria are presented and explained, as well as some of the relevant 

literature on thoracic injuries and the way industry evaluates and develops means to 

mitigate these injuries.  In Chapter 2, the methodology and experimental results are 

presented that define the regional variation in material properties of human rib cortical 

bone.  In Chapter 3, modeling of the coupons used to determine the material properties 

are created and analyzed.  These verify that the experimental results have been 

interpreted correctly and are being incorporated into the model correctly.  In Chapter 4, a 

current finite element model of the thorax developed by Toyota, the Total HUman Model 

for Safety, or THUMS, is modified to incorporate the regional variation obtained in 

material tests.  Fracture patterns resulting from a range of frontal and lateral blunt 

impacts are compared between the original THUMS model and the modified THUMS 

model.  In Chapter 5, a sensitivity analysis of the plastic failure strain assumption vs. the 

number of rib fractures achieved, is presented.  In Chapter 6, the properties of human ribs 

as obtained by local cortical bone specimens are compared to short sections of whole 

human ribs in bending.  The effects of plasticity of bone on the material properties 

obtained are also analyzed. 

It is hoped that this dissertation will be a first, and major, step in the creation of 

future models of the thorax, and ultimately that the modeling techniques used will be 

incorporated into all models of hard and soft tissue.  Ultimately this should result in fewer 

injuries and more lives saved on the highway, on job sites, in military operations, and in 

sports. 
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1.1. Overview of thoracic injury 

Previous studies have been performed to analyze thoracic response to a variety of 

loading mechanisms that may occur during an automobile collision.  These include seat belt 

restraints, airbags and blunt impactors.  The combination of airbag restraints and seat belts 

have also been examined to determine their combined effects.  The majority of these 

experiments have been performed using human cadavers with controlled impacts, or as 

occupants in an impact sled device.  The results of these investigations yield knowledge of 

the kinematic response of a human occupant to a crash pulse and the severity of resulting 

injuries.  The predictive functions for these injuries, and the relevant observations made 

during these investigations will be described in the review to follow.   

1.1.1. Thoracic anatomy 

The human thorax serves as a shelter for the essential organs responsible for 

circulation and respiration.  Any injury to its components can have a direct effect on the 

performance of these organs.  The thorax is composed of ribs, thoracic vertebrae, costal 

cartilage and the sternum.  The 12 thoracic vertebrae (T1-T12) and the corresponding ribs 

form the posterior side of the thorax.  Each rib articulates with respect to the vertebrae to 

facilitate respiration.  The anterior surface is formed by the sternum and costal cartilage.  The 

costal cartilages form a bridge between the central sternum and the ribs.  The first seven pairs 

of ribs connect directly to the sternum through costal cartilage, creating true ribs.  The 

following three pairs join together by costal cartilage then attach to the sternum.  The two 

remaining pairs are not attached to the sternum and are termed floating ribs.  The curvature 

of the ribs themselves is greatest for the first rib, then decreases for the lower ribs.  The ribs 

themselves are composed of cancellous bone surrounded by a cortical shell (Figure 1.1).   
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Figure 1.1.  Anterior (left) and posterior (right) view of the thorax; rib, cross section included, 

adapted from Stein 1976 (scale division is 1.5875 mm) 

Determining the response of the human thorax to external forces and accelerations is 

an important step in predicting the injury outcome of an occupant during a motor vehicle 

crash.  Several methods are used by investigators to determine the response of the human 

thorax under specific loading types.  These studies include impact sled tests using human 

cadavers restrained by various combinations of belt and airbag systems. Other tests have 

utilized rigid impactors to strike the thorax at given speeds and directions to determine their 

effects of thoracic response.  The results of these studies can produce thoracic injury 

prediction methods based on viscous criterion, chest acceleration, chest deflection and 

shoulder belt force.   

1.1.2. Thoracic injury criteria 

Predictive functions for thoracic injury can provide insight into the factors that affect 

the vulnerability of the thorax and underlying soft tissues to impact.  The viscous criterion is 

used to predict soft tissue damage based on the velocity and extent of thoracic compression.  

A viscous criterion of 1.3 m/s developed by Lau and Viano (1986) corresponds to a 50% 

probability of sustaining a thoracic injury with an AIS ≥ 4 (Lau 1986).  Chest acceleration 

used as a predictor of thoracic injury is usually measured at a location on the thoracic spine.  

This value is proportional to the force that is exerted onto the rib cage by the restraint system 

or impacting object.  Shoulder belt force is a measure of the load that is distributed across the 
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thorax during an automobile crash.  The force required to compress the rib cage varies 

between subjects, and therefore chest deflection can be more valuable than chest acceleration 

or shoulder belt force. The values of these parameters are influenced by crash and occupant 

characteristics and have been used to develop predictive injury functions for the thorax.   

Controlling for crash characteristics, occupant characteristics can have a significant 

influence on thoracic injuries.  The weight of the occupant directly influences the force 

necessary to restrain the occupant.  Therefore, the heavier the occupant, the higher the forces 

that will be exerted onto the rib cage by the shoulder belt and airbag.  The age of the 

occupant is commonly a strong predictor of thoracic injury severity (Alem 1978, Morgan 

1994, Schmidt 1975, Viano 1978a/b, Sacreste 1979, Eppinger 1976, Kallieris 1974b, 

Kallieris 1979, Thomas 1979, Patrick 1974a, Bruno 1998, Walfisch, 1985, Kent 2003).  The 

significance of age is due to changes in skeletal quality and changing geometry in the older 

population.  Females have also been shown to be more susceptible to thoracic injury (Patrick, 

1974b; Sacreste, 1979; Schmidt,1975).  These criteria have been used both separately and 

together for thoracic injury prediction in the investigations to follow (Table 1.1).  

 

Table 1.1.  Thoracic injury predictors used by previous researchers. 

Author Injury Predictor 

Kallieris 1974 Age 

Nahum 1975 Normalized chest deflection 
Viano 1978 Chest deflection 

Eppinger 1978 Chest acceleration 
Eppinger 1984 Thoracic Injury Criterion 
Walfisch 1985 4th vertebrae acceleration 

Cesari & Bouquet 1990 Viscous criterion 
Kallieris 1998 1st & 4th vertebrae acceleration 

Kuppa & Eppinger 1998 Spinal acceleration 
Kent 2003 Chest deflection and age 

1.1.3. Airbag and belt loading 

The addition of airbag supplemental restraint systems has been shown to decrease the 

overall severity of injuries caused by seat belt restraints alone.  During an automotive crash, 
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the airbag distributes the forces required to stop the occupant across a larger area on the chest.  

Also, because the airbag is able to deform, it absorbs energy from the forward moving 

occupant, thus mitigating injuries.  To evaluate the effectiveness of airbag implementation, 

previous studies have been performed to compare the injuries incurred by the cadaver subject 

with and without a supplemental airbag restraint.   

Morgan et al. (1994) compiled previous data obtained during 63 human cadaver sled 

tests using 3 point belt and airbag restraints conducted by three individual laboratories.  

Using the compiled data, probability curves for an AIS 3 or higher as a function of T1 

acceleration were created.  A comparison of belt and airbag restraints were made to 

determine their respective benefits (Figure 1.2).  For belt restraint, T1 acceleration of 30 g’s 

corresponded to a 50% probability of the occupant incurring an injury with an AIS 3 or 

greater.  In the airbag restraint case, a T1 acceleration of 75 g’s produced a 50% risk of an 

AIS 3 or higher injury.  Chest deflection was also found to correlate with the resulting injury 

severity.  In the case of belt restraints only, a chest deflection of 3.5 cm resulted in a 50% 

probability of the occupant incurring chest injuries with an AIS 3 or greater.  Out of the 

compiled 63 sled tests 74% of the resulting injuries were skeletal, with the most common 

injury severity was an AIS of 3.   
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Figure 1.2.  Comparison of thoracic injury probability for belt and airbag restraints (Morgan, 

1994). 

As determined by Kuppa and Eppinger (1998), chest deflection and acceleration 

values can be combined to develop thoracic injury predictors.  A variety of restraint systems 

were used to evaluate the effects of 3 point belts with knee bolster and airbag supplements.  

From the data, a predictive function was developed by combining spinal acceleration and 

maximum normalized chest deflection (Figure 1.3).   
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Figure 1.3.  Thoracic injury probability as a function of spine acceleration and maximum 

chest compression (Kuppa, 1998) 

Maximum chest deflection occurred at the central region of the chest in only 25% of 

the 71 tests.  This results in an asymmetrical frequency of rib fractures to occur in cadavers 
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with shoulder belt restraints alone.  This result has been found by various previous 

researchers performing belted thoracic studies (Kallieris 1974a, Kallieris 1979, Cromack 

1975, Yoganandan 1991).   

To further explain the effects of asymmetric belt loading, the work of Yoganandan et 

al. (1991) will be examined.  Thoracic deformation contours of the chest during belt loading 

were measured using an External Peripheral Instrument for Deformation Measurement 

(EPIDM).  This device is an instrumented belt that can measure the amount of deformation of 

the chest in the horizontal plane.  Yoganandan et al. (1991) instrumented human cadavers 

with two EPIDMs, one on the upper half of the chest and one on the lower.  The cadavers 

were then subjected to impact sled tests using 3 point belt restraints.  The deformation of the 

chest caused by the shoulder belt could then be measured during impact.  A substantial 

difference in the deformation response is seen between the upper and lower portions of the 

rib cage (Figure 1.4).  The solid lines represent the unloaded state of the thorax at the level 

instrumented with the EPIDM.  The asymmetric deformation of the thoracic due to shoulder 

belt restraint becomes obvious in the contours shown.   
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Figure 1.4.  Chest contours at the upper (left) and lower region caused by belt restraint 

(Yoganandan, 1991) 

Continuing the investigations on chest contours, Yoganandan et al. (1993) performed 

comparison tests using the EPIDM.  Cadaver subjects were used in sled tests using 2 and 3 

point belt restraints with airbags to compare their effects on chest deformation.  The airbag 

and 3 point combination restraint tests, performed at the same impact velocity as the previous 
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investigation, shows slightly less chest compression (Figure 1.5).  However, the asymmetric 

loading of the chest is still present.   
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Figure 1.5.  Chest contours at the upper (left) and lower region caused by belt and airbag 

restraint (Yoganandan, 1993) 

In the case of lap belt and airbag restraint, the loading is almost completely 

symmetric across the sternum (Figure 1.6).  The injury outcome for the lap belt, airbag 

combination was significantly lower than that of the 3 point belt and airbag test.   
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Figure 1.6.  Chest contours at the upper (left) and lower region caused by lap belt and airbag 

restraint (Yoganandan, 1993) 

Kallieris et al. (1998) performed 46 sled tests on cadavers using several combinations 

of belt and airbag restraint systems.  Rib fracture was the most common injury with the 2nd 

and 3rd rib fracturing in most cases.  Rib fracture frequency among tests performed using a 3 

point belt alone was significantly higher than 3 points belts with airbag, or airbag alone 
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(Figure 1.7).  The mitigating affect on injury severity for airbag restraint is apparent in the 

figure.  Acceleration measurements taken at the 1st and 6th thoracic vertebrae correlated well 

with thoracic injury (Figure 1.8).   
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Figure 1.7.  Frequency of rib fracture related to restraint type (Kallieris, 1998) 
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Figure 1.8.  Probability of AIS ≥ 3 as a function of  acceleration at the 1st left rib (Kallieris, 

1998) 

Kallieris et al. (1995) found that by limiting belt load to 4kN and the combination of 

an airbag, total deformation of the thorax is reduced, thus mitigating skeletal injuries induced 

by a belt that is not force limited.  The resulting thorax contours show that the radius of 



 

 12

curvature of the deforming rib cage is much larger for the force limiting belt case (Figure 1.9 

and Figure 1.10).   

The cadaver subject restrained by a force limiting belt combined with the airbag 

received less severe injuries than the standard belt case.  Comparing rib fractures, the 

standard belt, inducing a small radius of curvature produced 10 rib fractures in the subject.  

In the force limited belt case, the subject suffered only 2 fractures as a result of the impact.   

The mitigating effects of airbag restraint have also been shown in tests performed by 

Crandall et al. (1997).  Sled tests on human cadavers were performed using standard belt, 

force limiting belt and airbag restraints.  The most common injury incurred by the cadavers 

was rib fracture.  The number of rib fractures was greater for the tests where the standard belt 

alone was used.  Comminuted and multiple fractures were seen in the standard belt tests, but 

not in the force limiting belt or belt with airbag tests.   

Ramet (1979) performed six sled tests at a range of velocities using belted cadavers.  

Acceleration was measured at the 4th thoracic vertebrae.  An acceleration value of 60 g’s 

corresponded to a thoracic AIS of 5.  No injuries were found on the cadavers subjected to a 

24 km/h crash velocity.  The most common injury reported at velocities above 24 km/h was 

rib fracture.   
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Figure 1.9.  Chest contours during standard 3 
point belt and airbag restraint (Kallieris, 1995). 
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Figure 1.10.  Chest contours during force limiting 3 point belt and airbag restraint (Kallieris, 

1995) 

Patrick and Levine (1974b) performed sled tests on nine belted cadavers with crash 

velocities of 20, 30 and 40 mph.  The injuries observed were similar to those reported in real 
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life accident cases.  Rib fracture was the most common injury reported during the test series.  

An average of 5.6 rib fractures per cadaver was reported for the seven cadavers exposed to 

the 30 and 40 mph crash velocity.  A crash velocity of 30 mph resulted in a shoulder belt 

force of 1000 lbs.  This belt force value was found to be the threshold for rib fracture by 

Patrick and Levine (1974b).  An AIS of both 3 and 8 occurred at a crash velocity of 40 km/h. 

This large variance was attributed to differences in occupant weight and age.   

Obtaining accurate or useful data from cadaver testing is not a trivial task.  The 

variability of cadaver response from subject to subject can be great.  Inaccuracies can 

accumulate from improper use of instrumentation as found by Fayon et al (1975).  After 

performing sled tests on 31 cadavers, no correlation was found between acceleration and 

number of rib fractures.  The reasoning given was that the orientation of the accelerometer 

would change during the event due to slouching of the cadaver.  Thus the direction of 

acceleration of the occupant was not accurately measured by the instrumentation used.  This 

investigation is one example of the complications that can arise when performing tests on 

human cadavers.  Malpositioning or improper installation of measuring devices on a human 

cadaver may result in inaccuracy in the data obtained.   

1.1.4. Impactor loading 

The response of the human thorax exposed to compressive loading can reveal 

information for injury criteria development and model validation (Neathery 1973).  Chest 

deflection corridors have also been developed to predict injuries using anthropometric test 

dummies (Horsch 1991, Morgan 1986, Neathery 1974, 1975 Patrick 1974b).  Previous 

investigators have used cadaver tissue to determine the response of the human thorax to 

compression from a rigid object (Table 1.2).  The information obtained during dynamic 

testing is superior to static testing due to the inherent properties of biological tissue and the 

occurrence of high loading rates in a motor vehicle crash.  The use of mechanical impactors 

can be advantageous because the force exerted on the chest can be measured directly.   
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Table 1.2.  Summary of selected chest stiffness values from previous research on cadavers 

Author Chest Stiffness (kN/m) Loading Type 
32.4 - 70 Static Patrick 1965 embalmed 

175.1 Dynamic 

Patrick 1965 unembalmed 6.3 - 10.9 Static 

Nahum 1970 6.8 - 55.4  Dynamic 

Thoracic stiffness is a measure of the resistance of the chest to deformation, which 

can be drastically different for belt and impactor loading.  This is due to the manner in which 

the forces are distributed onto the thorax.  Because shoulder belt loading distributes the 

pressure over a greater region, the chest stiffness will be greater (Table 1.3).  An explanation 

for the higher lower stiffness values for the Fayon (1975) test was offered by King (2000).  

King suggested that the supine position of the volunteers caused the back to assumed a more 

curved shape, thus reducing the static stiffness.  Another  possibility could be the 

unintentional contribution of muscle tension.   

Table 1.3.  Chest stiffness variations for static belt and disc loading on human volunteers 

Author Chest Stiffness (kN/m) Loading Type 
17.5 - 26.3 Static Belt Loading Fayon 1975 
8.8 - 17.5 Static Disc Loading 

67.4 Static Belt Loading 
L'Abbe 1982 

137.5 Dynamic Belt 
Loading 

Nahum et al. (1970) performed static and dynamic thoracic on 13 cadaver subjects.  

Static tests indicate a maximum chest deflection of 2 inches could be achieved before rib 

fracture begins.  A large variation in static load deflection response was seen in the cadaver 

subjects (Figure 1.11).  Nahum et al. (1970) concluded that the level of thoracic injury is 

dependent on the level of chest deformation.   
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Figure 1.11.  Static load chest deflection characteristics for cadaver subjects (Nahum, 1970) 

These large variations in the response of the human chest to compression demonstrate 

how difficult it can be to predict the injury outcome using applied force.  The variation in the 

thoracic response is due to differences in geometry, bone quality and the level of soft tissue 

involved.  Based on the results shown in the preceding pages it is safe to assume that the 

quality of bone does decrease with age.  However, bone quality is also influenced by health, 

nutrition, physical activity, etc.  This means that age alone cannot describe the bone quality 

of an individual (Sacreste 1982).   

To investigate the effects of bone quality on thorax impact response, Sacreste et al. 

(1982) performed a series of tests including whole thoracic lateral impacts, shear and bending 

tests on individual ribs and ash fraction analysis.  The authors noted that the number of rib 

fractures observed after lateral impact tests did not correlate with age.  Therefore, an accurate 

thoracic strength classification system would require information regarding the quality of the 

bone in addition to age.  The ash mass to fresh mass ratio of the fourth rib was determined to 

quantify the level of mineralization of the bone.  A decrease of this ratio with age was shown, 

however there was significant scatter within the data.  Shear and three point bending tests 

were performed on the fifth and sixth ribs to evaluate their individual response to loading.  

After each shear and bending test, sections were removed from either side of the fracture to 

determine the area and moment of inertia of the cortical bone.  Eight different bone 

characteristic parameters were determined: rate of mineralization, ash mass/unit of length, 
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maximum bending force, maximum shearing force, shearing energy, slope of 

force/deformation curve, maximum bending stress, Young’s modulus.  These parameters 

were combined using a factorial analysis to determine a Bone Condition Factor (BCF).  The 

BCF is a representation of the bone quality that can be used to predict the number of rib 

fractures resulting from a given loading.  A BCF less than zero indicates a higher than 

average bone quality, while a BCF greater than zero indicates a lower than average bone 

quality.  The correlation of the BCF with the level of thoracic deflection during impact was 

evaluated (Figure 1.12).   
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Figure 1.12.  Predictive model for the number of rib fractures (Sacreste, 1982) 

Lobdell et al. (1972) used a blunt impactor to investigate the response of the human 

thorax to different levels of dynamic loading.  The results indicate a similar broad range of 

deflection response characteristics at difference impact velocities (Figure 1.13).  The authors 

found the thorax of embalmed cadavers to be significantly stiffer than unembalmed 

specimens.   
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Figure 1.13.  Dynamic force deflection response of embalmed cadavers (Lobdell, 1972) 

Nahum et al. (1975) measured spinal and sternal acceleration during chest impacts to 

18 cadaver subjects.  The resulting AIS from chest compression correlated better with sternal 

acceleration than spinal acceleration.  Chest deflection was obtained through integration of 

the acceleration data.  Normalized chest deflection correlated best with the AIS resulting 

from chest loading.  However, none of the parameters measured qualified as a statistically 

strong predictor of AIS.   

Nusholtz et al. (1983) used pneumatic and pendulum impactors to strike instrumented 

cadavers in frontal, oblique and lateral directions.  For low velocity impacts of 2 m/s, the 

response of the thorax was similar for all three directions of impact.  The injury outcome in 

lateral impacts has been shown to be best predicted by chest deflection and the viscous 

criterion (Cavanaugh 1990, 1993).  Other previous research has found the thoracic trauma 

index to be a good predictor of trauma in side impacts (Eppinger 1984).  Pintar et al. (1997) 

performed lateral impacts studies as well and determined that at 30% chest compression there 

is a 50% probability of incurring an injury with an AIS ≥ 4.  This result is much different 

than the results of Kroell et al. for frontal impacts.  Kroell et al. (1971) found chest 

compression to correlate directly with thoracic AIS in frontal impacts (Table 1.4).  
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Table 1.4.  Thoracic injury related to percent compression (Kroell, 1971) 

Chest 
Compression (%) 

Thoracic 
Injury 
(AIS) 

30 2 
33 3 
40 4 

Evaluating previous research on cadaver subjects using blunt thoracic impacts, Viano 

(1978b) concluded that injury severity is dependent mainly on chest deflection.  A tolerance 

limit of 0.32 normalized chest deflection was established.  Beyond this 0.32 limit the rib cage 

would exhibit massive failure.  Chest deflections that exceeded 0.32 were found to quickly 

increase to a level of 0.40.  At this level of deflection, the sternum approaches the vertebral 

bodies of the inner thorax, causing severe injury to the viscera.  Due to the use of the AIS as 

a measure of thoracic injury, normalized chest defections near 0.40 are less reliable as a 

predictor because of the non-specificity of AIS from 3 to 6. A relationship for skeletal AIS as 

a function of normalized chest deflection was developed for the thorax using the compiled 

data (Figure 1.14).  The solid dots in the figure represent the average severity of thoracic 

skeletal injury.  Although age is not represented here the compiled data also suggested an 

influence of age on the severity of thoracic injuries.  Subjects older than 65 were found to be 

38 % more likely than a 40 year old to incur an injury with an AIS greater or equal to 4, for 

rib fracture.  In a continuing study of the viscous criterion by Ridella and Viano (1990), it 

was found that its accuracy diminishes as impact velocity decreases.  A transitional viscous 

criterion value of 4 m/s was determined for frontal thoracic impacts.   
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Figure 1.14.  Thoracic AIS as a function of normalized chest deflection during blunt impact 

(Viano, 1978b) 

Viano (1978b) also found that the kinetic energy of the impactor is well correlated 

with thoracic injury outcome.  The authors found impactors with different masses and 

velocities, but similar initial kinetic energies produce similar injuries.  Peak spinal 

acceleration and impactor force values did not correlate well with resulting thoracic injury.  

This result seems logical because the spinal acceleration would be not necessarily correlate 

with the force exerted on the anterior side of the thorax.  If the cadaver was accelerated 

towards the impacting body, then spinal acceleration may have been a better predictor of 

thoracic injury.   

1.1.5. Inadequacies of large scale analysis 

Previous investigations involving whole cadavers or bones play a critical role in the 

understanding of occupant response to trauma.  Cadavers are currently the best surrogate 

available, and the information provided by them is irreplaceable.  The whole thorax studies 

provide insight into the kinematical response of the human.  As shown, this information can 

then be used to develop functions that predict injury severity resulting from an automobile 

crash.  These predictions, however, are based on the response of the thorax as a whole.  

Therefore, when an injury function is developed using belt force or chest deflection, its 

validity is limited to those specific cases.  Belt force in particular is limited because the entire 

rib cage is not exposed to the belt force.  So the injury functions developed only consider the 
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portion of the rib cage exposed to the external loading.  The validity of chest deflection is 

also limited when considering the asymmetrical deflection induced by shoulder belt restraints.  

The maximum chest deflection may not necessarily indicate the region of the thorax that is 

exposed to the maximum stress.  Contributions of the various components of the thorax are 

summed together to provide for overall response.  It is the sum of these contributions that are 

important in developing a model that accurately represents the human thorax.   

Another issue that is pertinent when evaluating the data produced by previous 

researchers is the amount of variance within the results.  This variance can be a result of 

differences in the quality of the cadaver tissue and the extent to which it has been preserved.  

Differences in occupant positioning and posture when performing impact sled tests can also 

produce variance in the results.  These effects are characteristic of cadaver testing and should 

be considered when looking at better ways to develop model parameters.   

1.1.6. Model improvement through localized material properties 

By determining the mechanical properties of each rib on a piece-wise basis the 

response of the thorax as a whole may be more completely understood.  Knowing the 

mechanical properties of these sections will allow for more specific parameters to be applied 

to a finite element model, rather than having one set of strength parameters that are used for 

every rib in the rib cage.  The current study will develop several parameters to be applied to 

each rib.  This will result in a model with various levels of compliance throughout the 

skeletal structure of the rib cage.  The end result will be a model that incorporates thoracic 

strength as a function of anatomical location and bone quality.   

1.1.7. Conclusions 

The large volume of data that is available from previous studies presents the daunting 

task of determining the significant patterns that exist in thoracic injury.  There are results that 

occur more frequently than others suggest that they are significant.  The frequency of rib 

fracture demonstrates the level of involvement of the thorax during an automobile collision.  

The demands placed on the skeletal components of the thorax are clearly seen in the injury 

reports of previous research.  Injury reports also show the mitigating properties of the various 
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safety devices implemented in automobiles.  The injury absorbing properties of the airbag are 

shown to reduce potential injuries to the cadaver.  The airbag has also been shown to 

distribute forces over a wider region on the thorax, reducing the amount of deflection that 

occurs.  Decreasing the level of deflection reduces the compliance required by the underlying 

soft tissues and organs of the thorax.  A force limiting shoulder belt has also been shown to 

reduce the number of rib fractures compared to a standard belt.  The effects of age on 

thoracic injury are shown on numerous occasions in previous research.  Whether the 

specimen is a whole cadaver or a bone specimen, its properties are dependent on its age.  The 

generally lower skeletal strength in the elderly age group increases their susceptibility to 

injury.  Even though a younger individual can have a bone quality similar to that of an older 

individual, the possibility of this occurring is lower for the younger individuals.  In 

consideration of the previous work examined, special adaptations need to be made to models 

for the proper protection of the elderly driver during an automotive crash.   
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2. Regional variation in the material properties of human rib cortical bone 

2.1. Introduction 

Computational models with biomechanically-based material properties have the 

potential to be versatile biomechanical tools.  In principle, they will give an overall global 

response that is correct because of correct material assumptions, not because of attempts 

to match global response.  Designing a model to be biofidelic for different types of 

loading conditions requires focusing more locally on material properties.  This allows 

computational simulations to serve the ultimate goal of modeling: to be used as a 

substitute for experimental measurements.  This is a directive that is mentioned, and 

claimed to have been achieved for trabecular bone by Neibur (2000).  It is a necessary 

goal of all modeling efforts, particularly in high-rate environments, where the subsequent 

loading and response of bone and internal organs will depend on timing and location of 

fracture of bones. 

Historically, thoracic impact research has focused on developing global criteria 

for predicting injury.  These criteria include force, acceleration, and displacement based 

criteria, as well as combinations of the above.  Much debate exists on the efficacy of the 

various criteria (Morgan et al. 1994, Kuppa and Eppinger 1998).  There is a current trend 

in government towards more localized material properties and injury criteria.  This is 

exemplified by SIMON, the Simulated Injury MONitor, being developed by NHTSA.  

SIMON takes global responses measured with a dummy and applies them to localized 

finite element models that in many cases are meant to predict some type of soft tissue 

injury, such as diffuse axonal injury (DAI) or a cumulative strain damage measure 

(CSDM) in the brain.  For the current study, the goal is to determine localized material 

properties of rib cortical bone to examine their effects on fracture patterns.   

In the area of thoracic research, recent work has focused primarily on the 

prediction of injury due to different restraint systems.  The increase in thoracic injury 

severity with increased age for a given occupant size, restraint type, and crash type is 

well documented (Alem et al. 1978, Morgan et al. 1994, Schmidt et al. 1975, Viano 1978, 
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Sacreste et al. 1979, Eppinger 1976, Kallieris et al. 1974, Kallieris and Mattern 1979, 

Thomas et al. 1979, Patrick et al. 1974, Bruno et al. 1998, Walfisch et al. 1985).  The 

most common injury that occurs during sled tests with belted cadavers is rib fracture 

(Crandall et al. 1997, Kallieris et al. 1998, Cromack and Ziper 1975, Patrick et al. 1974, 

Ramet and Cesari 1979).  Also, it is known that rib fracture patterns vary by restraint type 

(Kallieris et al. 1998).    Kent et al. (2001) evaluated the injury predictive value of hard 

tissue criteria by varying restraint condition.  They found compression is the best 

indicator of fracture risk, and verified that there is a significant effect on the fracture 

patterns due to belt only, airbag only, and combined belt and airbag loading.  Kent (2002) 

also notes one of the problems with global methods used to develop thoracic injury 

criteria is that the criteria correlate with injury without necessarily being functionally 

related to injury, in contrast to stress and strain.   

For ribs, large curvature and shorter length create geometry that is difficult to 

evaluate mechanically.  Yoganandan and Pintar (1998) investigated the properties of the 

7th and 8th rib of 30 human cadavers.  Straight sections approximately 150 mm long 

were removed from each rib.  These sections were then subjected to simply supported 

three-point bending.  The mechanical behavior of the ribs was determined to be 

independent of location, both vertically and horizontally on the thorax, over this narrow 

range.  The average Young’s Modulus of the seventh rib was 2.32 GPa and 1.886 GPa for 

the eighth rib.  The average displacement to failure was 0.30 cm for the seventh rib and 

0.32 cm for the eighth rib.  These values are small compared to displacement values of 6 

cm for lower ribs and 3 cm for upper ribs previously determined by Shultz et al. (1974).  

The higher values are potentially a result of cantilever testing of disarticulated ribs.  Also, 

the costal cartilage was left intact during the tests by Shultz et al., contributing to the total 

displacement of the ribs.  No material property data could be obtained for these types of 

tests. 

Stein and Granik (1976) performed three-point bending tests on disarticulated 6th 

and 7th rib specimens from 79 individuals.  The span was not mentioned, but figures 

included in the report indicated testing was limited to the straight section of the rib.  The 

force at rib fracture for all tests was approximately 180 N, similar to the values obtained 
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by Yoganandan and Pintar (1998).  The higher value in tests by Stein and Granik may be 

due to the use of shorter ribs.  No significant difference was found between the strength 

of the 6th and 7th ribs.  Granik and Stein (1973) performed bending tests on 10 human rib 

specimens having normal bone condition.  Six inch rib sections from the 6th and 7th rib 

were used.  The average modulus of elasticity was found to be 11.5 GPa. The average 

breaking stress was 106.2 MPa.  Maximum displacement of the rib section at failure was 

0.41 cm for all specimens tested.  This finding suggests that deformation of the costal 

cartilages and rotation at the vertebral joints accounts for the large total thoracic 

deformations possible without rib fracture (Schultz et al. 1974).   

There are, however, other means besides whole bone testing to obtain material 

properties for the bone, which is a focus of this work.  For example, Keller et al. (1990) 

used a technique involving bending of machined specimens to investigate the Young’s 

Modulus, bending strength and tissue physical properties of human compact bone from 

the femur.  Moreover, Keller attempted through the use of local specimens of cortical 

bone to create a relationship between Young’s modulus and bending strength with 

physical characteristics of the bone, such as porosity, density and ash content.  The 

technique can be used to investigate properties of cortical bone with changes in storage 

method, testing condition, specimen configuration, specimen orientation, and anatomical 

origin (Ashman et al. 1989, Martin and Ishida 1989).  They determined that there is a 

strong correlation between the mechanical properties of bone and in vitro and in vivo 

measures of tissue physical characteristics.  The data was used both as an investigation to 

determine a relationship between dry apparent density and strength of bone, but also as a 

comparison between proximal and distal differences in bone mineral content in the femur.  

For all cadavers tested, they found increased stiffness and strength in proximal versus 

distal specimens from the femur, perhaps correlated to the different loading environments 

that these two areas encounter in vivo. 

The determination of material properties must be carefully conducted to account 

for plasticity effects displayed by bone.  While the study performed by Keller et al. 

(1990) used elastic bending beam equations to calculate the ultimate, or failure, strength 

and elastic modulus of cortical bone, the ultimate stress data was divided by a factor of 
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1.5 to arrive at the true peak stress.  Recently, Zioupos and Currey (1998) presented 

results on the material properties of aging bone, looking at femoral bone in the anterior, 

lateral, medial, and posterior sections of the bone cross section and taking specimens 

from the bone for work of fracture, stiffness and strength, and fracture toughness.  

Zioupos and Currey report their results according to ASTM standard methods using 

elastic beam theory (ASTM D790-86 equation 5), and mention that the calculation 

overestimates the actual stress, but the measure is comparable to other studies that follow 

the exact same methodology.  The elastic behavior assumption is useful for comparison 

between studies, but the assumption of linear elastic behavior results in incorrect peak 

stresses.  The results are therefore not accurate for incorporation into a finite element 

model or model validation work, as the calculated peak stresses reflect errors from 50% 

to 100% for ultimate strength (Reilly and Burstein 1975). 

Burstein et al. (1972) presented data reconciling the differences between results 

presented by previous authors performing bending versus tensile tests.  In tensile tests 

where the cross sectional area changes are taken into account, the stresses are always as 

calculated.  However, in bending tests, plastic strain can enable the specimen to carry a 

higher load than would be predicted using elastic beam theory in tension. Burstein 

showed that plasticity accounted for this difference.  Effectively, because of cross 

sectional area variations affecting load distribution during bending, yielding of the tensile 

and compressive surfaces in a bending test creates a difference between the actual and 

predicted stress of approximately 2.1 for circular cross sections, and 1.56 for rectangular 

cross sections (Reilly and Burstein 1975). 

In summary, previous studies of the material properties of ribs have been 

performed on sections of whole ribs.  There are advantages to obtaining more localized 

measures of material properties.  Previous studies are limited by the complex geometry of 

rib bones, and the assumption of elastic material properties for obtaining the strength and 

stiffness of cortical bone.  For development of accurate computational models of ribs, an 

experimental methodology is presented enabling the identification of localized material 

properties.  This study has three primary objectives: to determine the material properties 

of human rib cortical bone, to analyze the variation of these properties by thoracic region, 
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and to implement these properties into a computational model to investigate the effects of 

the regional variations, controlling for all other factors, on fracture prediction.  

2.2. Methods 

The methodology is presented in two parts: experimental configuration and 

statistical methodology.  The experimental configuration includes the gathering and 

testing of material specimens from compact bone of the human ribs, and statistical 

methodology, details the analysis of the material property data. 

2.2.1. Experimental configuration 

2.2.1.1. Experimental specimens 

Cortical bone specimens were obtained from the exterior surface of the ribs of 4 

unembalmed elderly cadavers with ages ranging from 61 to 71 years (Table 2.1).  The 

bone mineral density (BMD) Index, T-Score, and Z-score, as determined by Osteogram 

(Compumed, Los Angeles, CA), are reported.  The T-score is the "young normal" score 

because it compares the patient to the young normal population's BMD, using 30 years of 

age as the comparison.  The Z-score is the "age matched" score because it compares the 

BMD to what is expected for a certain age.  The T-score is the number of standard 

deviations from the mean for a young healthy adult.  For most BMD tests, -1 standard 

deviation change in T-score equals a 10-12 percent decrease in bone density.  Normal 

bone has a T-score of better than -1.0, Osteopenia or low bone mass is classified with T-

scores between -1.0 and -2.5, and osteoporosis is indicated by T-scores of lower than -2.5. 

Table 2.1. Cadaver anthropometric and BMD information 

Cadaver Number Gender Age BMD 
Index 

T-
score 

Z-
score 

1 M 71 90.3 -1.9 N/A 
2 F 61 77.9 -3.0 -1.2 
3 M 61 83.2 -2.5 N/A 
4 F 67 75.2 -3.3 -1.0 

The locations for specimen procurement included 6 specimens from the anterior 

(A), 10 from the lateral (L), and 7 from the posterior (P) portion of the ribs, for a total of 
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23 possible specimens per cadaver.  The external surface of each rib was used to collect 

the specimen because the radial and circumferential curvature of the surface of the ribs 

was less on the external than the internal surface.  This made it more practical to obtain 

flat specimens.  Because of difficulties obtaining certain cortical bone specimens, 12 

sample locations were unavailable, and therefore the total number of tests performed was 

80.  All procedures involving human cadaveric tissues were reviewed and approved by 

the Virginia Tech Institutional Review Board. 

 
Figure 2.1. Specimen locations depicted by white areas: 6 anterior, 10 lateral, 7 posterior 

for 23 total locations 

Large rib specimens were obtained by gross dissection with a bone saw, and 

cleaned to remove muscle and periosteum.  Large specimens were mounted in a bone 

chuck with adjustable screws, so the flattest portion of the bone would be cut.  Cuts were 

made in the bone with a diamond saw to outline sides of the specimens for three-point 

bending (South Bay Technology, San Clemente, CA) (Figure 2.2a, b).  The diamond saw 

blade rotates continuously through saline, keeping the specimen wet.  Bone specimens 

were cut to a width of 4 mm.  After cuts 1 and 2, the coupon was removed from the rib, 

exposing a flat outer cortical surface and rough cancellous surface.  The specimen was 

mounted in a grip with a depth of 0.75 mm and thickness was nominally 0.75 mm after 

removal of the cancellous bone during cut 3 (Figure 2.2c, d).  Metallographic papers of 

120, 320, 400, and 600 grit were used to sand the bone to a smooth finish.  
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Figure 2.2. Cortical bone specimen cutting protocol – (a) location for removal of cortical 
bone specimen from rib, (b) methods for cuts to remove cortical bone from rib, (c) 
mounting and cut to remove cancellous bone, (d) approximate final dimensions of 

specimen 

2.2.1.2. Test configuration and instrumentation 

Coupon testing was performed in dynamic three-point bending as per ASTM 

Standard D790-00.  This ensures the supports and impacting surface are sufficiently 

curved to reduce stress concentrations.  The testing device (Tytron 250, Materials Testing 

Systems, Raleigh, NC) utilized a high rate electromagnetic actuator to apply a 

displacement rate of 356 mm/s.  The impacting head moved horizontally, such that the 

supports held the specimen vertically (Figure 2.3).  The span length for three-point 

bending tests was 20 mm, so that a nominal specimen length of 29 mm allowed 4.5 mm 

of overhang.  A small number of specimens with insufficient overhang were tested with a 

span length of 13.95 mm.  Teststar software (Materials Testing Systems, Raleigh, NC) 

was used to control the impactor.  A preload of 0.1 N was applied, and the specimen was 

broken during a 2 cm displacement.  Specimens were wrapped in saline soaked gauze 

until just prior to testing. The loading direction for all specimens was from the interior to 

exterior, placing the external surface of the cortical bone in tension.  Coupon geometry 

was recorded using a micrometer, and used to calculate the material properties.     
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 (a) (b) 

Figure 2.3. Bending apparatus (a) top view and (b) side view prior to contact with the 
specimen 

2.2.1.3. Data processing 

Initially, peak stresses were calculated using elastic beam theory (Beer and 

Johnston 1992) from force-displacement characteristics of each test using Equations (1-3).  

The stiffness was computed incrementally for each test based on the displacement and the 

geometry of the specimen. The peak strains were then calculated based on the 

incremental stiffness, the applied force vectors, and the specimen geometry using 

Equation (2).  In equation (1), σ represents the peak stress in the cross section of the bone 

specimen, M is the moment, calculated from the force, P, exerted on the specimen, c is 

the peak distance from the neutral axis, and I is the cross sectional area moment of inertia, 

determined from specimen cross sectional geometry.  In equation (2), the stiffness E is 

related to P, where ∆ is the applied displacement.  Strain, ε, is then calculated using 

Equation (3).  L represents the span length, and t represents the specimen thickness. 
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Next, experimental data were interpreted on the basis of assumed plastic behavior 

of cortical bone, which is justified by previous work (Keller et al. 1990, Zioupos and 

Currey 1998, Reilly and Burstein 1975).  Therefore, the peak stresses as calculated from 
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the purely elastic Equation 1 were multiplied by a factor of 1/1.56 to arrive at the true 

peak stress in the specimens.  Given that the stiffness values were taken from the initial 

linear portion of the stress versus strain plots prior to yielding, the modulus values were 

not adjusted from the elastic values.  Also, by definition, the strain values determined 

from Equation (3) were not adjusted for plasticity.  All statistical analysis was performed 

on this dataset. 

2.2.1.4. Statistical analysis 

Statistical analysis was performed by analyzing the data on the basis of the 

independent variables gender, cadaver, rib level, and region, and the dependent variables 

stress, strain and modulus.  The goal of the statistical analysis was to determine if there 

are statistically significant differences in the material properties by region.  This involves 

testing using a mixed-model analysis of the data to test for interaction effects, performing 

simple analysis of variance when interaction effects are not present, and performing t-

tests on the variables with significant variance.  This is because one cannot graph means 

of data or perform modeling or report results of data that has significant interaction 

without knowing the extent of that interaction.   

Interaction effects are tested using factorial experiments in which the response (as 

measured by dependent variables) is observed at all factor-level combinations of 

independent variables.  Two factors, for instance A and B, are said to interact if the 

difference in mean responses for two levels of one factor is not constant across levels of 

the second factor.  An illustration of this is included (Ott, 1993) (Figure 2.4).  Figure 

2.4(a) represents no interaction effects, Figure 2.4(b) and (c) represent two different 

interaction effects. 
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Figure 2.4. Illustrations of interaction in a 2x2 factorial experiment (Ott, 1993) 

Multiple comparison approaches were used to test for interaction, as detailed in 

steps 1-6 below.  Simple Analysis of Variance (ANOVA) was used to test the data.  

Based on the ANOVA results, tests using the t-statistic were performed to compare 

individual differences between means for datasets varying by region and by rib level. 

To analyze the data for interaction effects, three statistical models were used, and 

then simpler statistical analyses were employed in the following steps:   

1. First, a mixed model analysis was used, involving the factors of gender, rib level, 
and region.  This analysis views gender as a between subjects factor, and region 
and rib level as within subject factors. 

2. The model was then reduced to a randomized block model, using cadaver as the 
block factor, so the test was between the cadavers. 

3. The model was then fit using cadaver as a block and rib level and region as 
factors.  This conservative model is used to summarize the results of testing for 
interaction between variables. 

4. A reduced dataset, focusing on rib levels 4-7, was used to analyze all of the 
interaction effects described in (1) – (3).  This results in complete cells, since for 
rib levels 4-7, anterior, lateral, and posterior specimens were available.  The 
complete cell sets allow for the estimation of marginal means.  This dataset was 
used to estimate interaction effects on the complete cell dataset. 

5. Results are summarized using a simple ANOVA model that does not include 
interaction effects.  This test identifies if measured variables such as stress, strain, 
and modulus have significant variation by rib level or by anatomical region: 
anterior, lateral, and posterior location on the ribs. 

6. T-tests were performed on the variables that showed statistical significance in the 
ANOVA test.  This test established if there was statistically significant variation 
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in the material properties between the anterior, lateral, and posterior segments of 
the ribs. 

Experimental data were analyzed for differences in strength and stiffness between 

anterior and lateral, lateral and posterior, and anterior and posterior sections.  First, an 

Analysis of Variance (ANOVA) was conducted on the data sets by cadaver, gender, 

location and rib level.  Significance was determined by a p-value of 0.05 or less.  This 

analysis tests for group differences and compares the means for each level using a 

multiple comparison method.  The tests were performed by treating the data as 

independent.  Multiple measurements are made on each cadaver, so that the inference is 

on the cadavers rather than on the population.  For example, one may test gender; 

however, the test is effectively a test of differences between the two females and two 

males.  The null hypothesis of the ANOVA was that there is no difference between the 

means obtained for the class variable. 

Additionally, if significance was found in the ANOVA test, variation in the 

strength and stiffness due to differences in anatomical location were analyzed.  To 

evaluate the statistical significance of the test results, evaluation of the t-statistic 

assuming unequal variances were performed on the data, with a probability of type I error, 

 α, undefined.  The variations in anterior, lateral, and posterior peak stress results were 

evaluated by comparing the means and testing the null hypotheses that the lateral stresses 

were equivalent to the anterior stresses, the lateral stresses were equivalent to the 

posterior peak stresses, and the posterior stresses were equivalent to the anterior stresses.  

The t-statistic was also calculated for the stiffness of the specimens.  The t-statistic, by 

virtue of its not including interaction effects, and assuming that all other factors but one 

affect the result, provides a conservative estimate of the statistical strength of the 

difference between the variables.  For this reason, any results of t-statistic testing 

performed on variables that the simple ANOVA finds significant should be interpreted to 

be the minimum significance, and are valuable.  No other method exists that is well-

justified for comparing the differences between the different rib levels or the different 

anatomical locations. 
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2.3. Results 

2.3.1. Experimental results 

The experimental results are presented along with statistical results based on 

analyses of the experimental data.   

Representative experimental force-displacement profiles from the bending tests of 

small samples of cortical bone are presented for Cadaver 1 (Figure 2.5, Figure 2.7, Figure 

2.9).  The force-displacement profiles are split into anterior, lateral, and posterior graphs.  

The initial offsets are a product of the initial loading described in the experimental 

section.  The force-displacement curves are subject to much variation because of 

specimen dimensions, the remaining variation is assumed to be a product of 

interspecimen variation.  The loading rate resulted in strain rates of 2 strain/s to 8 strain/s, 

depending on the specimen thickness.  The stress-strain data interpretation takes out 

much of the variation in response, by removing some of the interspecimen variation 

(Figure 2.6, Figure 2.8, Figure 2.10). 
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Figure 2.5. Force-displacement  

for anterior specimens, cadaver 1 
Figure 2.6. Stress-strain  

for anterior specimens, cadaver 1 
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Figure 2.7. Force-displacement  
for lateral specimens, cadaver 1 

Figure 2.8. Stress-strain 
for lateral specimens, cadaver 1 
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Figure 2.9. Force-displacement 

for posterior specimens, cadaver 1 
Figure 2.10. Stress-strain 

for posterior specimens, cadaver 1 

Differences in ultimate stress, calculated using elastic beam theory with the 

correction factor for plastic deformation of 1.56 (Reilly and Burstein 1975), show 

variation as a function of anatomical location (Figure 2.11).  Ultimate stress does not 

change significantly with BMD index for the cadavers used (Figure 2.12).  Variation is 

also seen in the stiffness of the specimens from the three-point bending experiments.  

Anatomical position shows a variation of over 4000 MPa in the local stiffness of rib 

specimens (Figure 2.13).  The data also indicate a higher rib stiffness with increasing 

BMD index score (Figure 2.14).  Data for Figure 2.11 though Figure 2.14 are plotted as 

average, or mean, shown as a bar with +/- one standard deviation shown in the error lines 

on each bar. 
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Figure 2.11. Ultimate stress vs.  
anatomical position, all cadavers 

Figure 2.12. Ultimate stress  
vs. BMD index, by cadaver 
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Figure 2.13. Modulus vs.  
anatomical position, all cadavers 

Figure 2.14. Modulus vs.  
BMD Index, by cadaver 

2.3.2. Statistical results 

The first analysis of variance was to test for interaction effects between variables.  

For instance, there may be significant interaction effects if anatomical level is tied to 

region.  Statistical analysis began with a mixed model. This model treats gender as a 

between subjects factor and region and rib level as within subjects factors (
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Table 2.2).  An interaction is deemed significant for p-values less than 0.05.  No 

statistical significance was found for any of the interaction terms for stress (Table 2.3, 2.4, 

2.5).  Num DF is the number of degrees of freedom of the model, and Den DF is the 

denominator degrees of freedom.   
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Table 2.2. Class level information for full dataset statistics 

Class Level Information 
Class Levels Values 

riblevel 12 1 2 3 4 5 6 7 8 9 10 11 12 
region 3 1 2 3 
gender 2 1 2 
cadaver 4 1 2 3 4 

 

Table 2.3. Tests of fixed effects for stress 

Effect Num
DF 

Den
DF F Value Pr > F 

gender 1 2 0.04 0.8628 
region 2 4 3.02 0.1590 

region*gender 2 4 0.72 0.5421 
riblevel 11 17 1.58 0.1931 

riblevel*gender 10 17 0.40 0.9303 
riblevel*region*gender 17 13 0.53 0.8894 

 

Table 2.4. Tests of fixed effects for modulus 

Effect Num
DF 

Den
DF F Value Pr > F 

gender 1 2 0.81 0.4626 
region 2 4 7.85 0.0412 

region*gender 2 4 0.21 0.8214 
riblevel 11 17 2.65 0.0348 

riblevel*gender 10 17 2.11 0.0837 
riblevel*region*gender 17 13 1.05 0.4753 

 

Table 2.5. Tests of fixed effects for strain 

Effect Num
DF 

Den
DF F Value Pr > F 

gender 1 2 0.12 0.7583 
region 2 4 2.63 0.1868 

region*gender 2 4 0.56 0.6126 
riblevel 11 17 1.94 0.1069 

riblevel*gender 10 17 1.29 0.3091 
riblevel*region*gender 17 13 0.60 0.8426 

Because gender was not found to be significant as a between subjects factor, the 

next analysis eliminated gender.  This approach used a randomized block model with 

cadaver as a block, and rib level and region as factors.  The results of this analysis 
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indicate no interaction effects between the rib level and region (anatomical position) for 

ultimate stress, strain, or modulus (p<0.05) (Table 2.6 – 2.9) 

Table 2.6. Tests of fixed effects for stress 

Effect Num
DF 

Den
DF F Value Pr > F 

region 2 6 4.14 0.0743
riblevel 11 27 1.74 0.1177

riblevel*region 9 21 0.48 0.8738
 

Table 2.7. Tests of fixed effects for strain 

Effect Num
DF 

Den
DF F Value Pr > F 

region 2 6 4.10 0.0756
riblevel 11 27 1.93 0.0798

riblevel*region 9 21 1.11 0.3957
 

Table 2.8. Tests of fixed effects for modulus 

Effect Num
DF 

Den
DF F Value Pr > F 

region 2 6 7.13 0.0018
riblevel 11 27 2.28 0.0229

riblevel*region 9 21 1.15 0.3433
 

Table 2.9. Table of interaction statistical significances treating  
cadaver as a block variable, and region and rib level as factors 

Variable Effect F Value Pr > F 
Stress Rib level*Region 0.48 0.8738 
Strain Rib level*Region 1.11 0.3957 

Modulus Rib level*Region 1.15 0.3433 

A reduced data set focusing on rib levels 4-7 was used to analyze all the 

interaction effects in the same fashion as for the entire dataset (Table 2.10).  This resulted 

in complete cells because rib levels 4-7 contained anterior, lateral, and posterior 

specimens.  The complete cell sets allowed for the estimation of marginal means.  

Interaction effects were found not to be significant (p<0.05) (Table 2.11, Table 2.12, 

Table 2.13).   
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Table 2.10. Class level information for riblevel 4-7 statistics 

Class Level Information 
Class Levels Values 

riblevel 4 4 5 6 7 
region 3 1 2 3 
gender 2 1 2 
cadaver 4 1 2 3 4 

 

Table 2.11. Tests of fixed effects for stress, riblevel 4-7 

Effect Num
DF 

Den
DF F Value Pr > F 

gender 1 2 0.06 0.8236 
region 2 4 2.32 0.2146 

region*gender 2 4 0.50 0.6379 
riblevel 3 6 2.21 0.1878 

riblevel*gender 3 6 0.33 0.8041 
riblevel*region*gender 12 10 0.72 0.7068 

 

Table 2.12. Tests of fixed effects for strain, riblevel 4-7 

Effect Num
DF 

Den
DF F Value Pr > F 

gender 1 2 1.11 0.4022 
region 2 4 2.72 0.1799 

region*gender 2 4 0.46 0.6603 
riblevel 3 6 1.67 0.2717 

riblevel*gender 3 6 0.52 0.6815 
riblevel*region*gender 12 10 0.85 0.6094 

 

Table 2.13. Tests of fixed effects for modulus, riblevel 4-7 

Effect Num
DF 

Den
DF F Value Pr > F 

gender 1 2 20.98 0.0445 
region 2 4 7.63 0.0431 

region*gender 2 4 0.04 0.9605 
riblevel 3 6 1.76 0.2546 

riblevel*gender 3 6 2.72 0.1375 
riblevel*region*gender 12 10 1.06 0.4722 

The reduced dataset focusing on rib levels 4-7 was then further restricted to 

remove gender as a class, since gender had no interaction effects with region or riblevel.  

Again, interactions were not statistically significant (Table 2.14, Table 2.15, Table 2.16). 
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Table 2.14. Tests of fixed effects for stress, riblevel 4-7 

Effect Num
DF 

Den
DF F Value Pr > F 

region 2 6 2.34 0.1774
riblevel 3 9 2.20 0.1578

riblevel*region 6 16 0.43 0.8514
 

Table 2.15. Tests of fixed effects for strain, riblevel 4-7 

Effect Num
DF 

Den
DF F Value Pr > F 

region 2 6 3.52 0.0973
riblevel 3 9 2.44 0.1314

riblevel*region 6 16 1.92 0.1397
 

Table 2.16. Tests of fixed effects for modulus, riblevel 4-7 

Effect Num
DF 

Den
DF F Value Pr > F 

region 2 6 7.40 0.0024
riblevel 3 9 1.58 0.2136

riblevel*region 6 16 1.40 0.2442

Because no interaction effects were found to be significant for the models looking 

at all rib levels or the reduced complete rib level datasets (rib levels 4-7), the results of 

the final analysis are presented.  The final analysis is a simple analysis of variance 

(ANOVA), that does not include interaction effects.   

Analysis of Variance (ANOVA) testing demonstrates significant differences in 

the output parameters of ultimate stress, ultimate strain, and modulus based on the 

anatomical region and rib level, but no significant differences based on gender (Table 

2.17).  Data from the ANOVA are plotted to visualize variation in material properties 

measured by anatomical region, gender, cadaver, and rib level (Figure 2.15 though Figure 

2.26).  In these figures, the boxes represent the distribution of the variable measured, with 

the median of the distribution plotted as a line running through the box representing +/- 

one standard deviation.  The error lines above and below the boxes represent 95 percent 

confidence intervals on the datasets.  In particular, statistical significance is shown 

between anatomical location of the rib specimen and ultimate stress (p = 0.0067) (Figure 

2.15), as well as modulus of elasticity (p = 0.0007) (Figure 2.16, Table 2.17).  
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Anatomical location of the rib is found to be not significant when analyzed for variation 

in peak strain (Figure 2.17).  The relationship of gender with the ultimate stress, ultimate 

strain or modulus of elasticity of the bone specimen is, in all cases, not significant for the 

dataset (Figure 2.18, Figure 2.19, Figure 2.20, Table 2.17).  This is also observed when 

considering the specific cadaver as an explanation of variance in the data (Figure 2.21, 

Figure 2.22, Figure 2.23, Table 2.17).  Rib level is shown to have a significant effect on 

results of ultimate stress (p = 0.0122) (Figure 2.24), and modulus of elasticity (p = 

0.0403) (Figure 2.26, Table 2.17).  The goal of the current study is to define regional 

variation (anterior, lateral, posterior, or ALP), and thus further testing by rib level is not 

presented.  Results are deemed highly significant if p-values are lower than 0.01, and 

significant for p-values less than 0.05. 

Table 2.17. Simple ANOVA results by region, gender, cadaver, and rib level 

Variable Class DF p-value 
    

Ultimate Stress Region (ALP) 2  0.0067‡ 
Ultimate Strain Region (ALP) 2  0.0750 

Modulus Region (ALP) 2  0.0007‡ 
    

Ultimate Stress Gender 1  0.8770 
Ultimate Strain Gender 1  0.3903 

Modulus Gender 1  0.2997 
    

Ultimate Stress Rib level 11  0.0122† 
Ultimate Strain Rib level 11  0.0775 

Modulus Rib level 11  0.0403† 
‡ denotes highly significant result,  † denotes significant result 

Evaluations of the data using the t-statistic to define the regional variations reveal 

highly significant differences in peak stress between the anterior and lateral specimens.  

Significant differences also exist between the lateral and posterior specimens, but no 

significance between anterior and posterior segments (Table 2.18).  The same statistical 

analysis was performed on the calculated modulus of elasticity.  The anterior region is 

significantly different than the lateral and posterior regions, while the lateral and 

posterior regions are not significantly different from each other (Table 2.19).   
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Table 2.18. Statistical significance of stress results 

 Anterior Lateral Posterior
Anterior - 0.001952‡ 0.387 
Lateral  - 0.0486†

Posterior   - 
‡ denotes highly significant result,  

† denotes significant result  
 

Table 2.19. Statistical significance of modulus results 

 Anterior Lateral Posterior
Anterior - <0.0001‡ 0.01774†

Lateral  - 0.400 
Posterior   - 

‡ denotes highly significant result,  
† denotes significant result, 

 

  
Figure 2.15. Ultimate stress versus 
anatomical location of rib specimen 

Figure 2.16. Modulus of elasticity versus 
anatomical location of rib specimen 
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Figure 2.17. Strain to failure versus 
anatomical location of rib specimen Figure 2.18. Ultimate stress versus gender 

  

Figure 2.19. Strain to failure versus gender Figure 2.20. Modulus of  
elasticity versus gender 

  
Figure 2.21. Ultimate stress versus cadaver Figure 2.22. Strain to failure versus 

cadaver 
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Figure 2.23. Modulus of  
elasticity versus cadaver 

Figure 2.24. Ultimate 
stress versus rib level 

  
Figure 2.25. Strain to failure versus rib 

level 
Figure 2.26. Modulus of  
elasticity versus rib level 

2.4. Discussion 

2.4.1. Experimental results 

The results of the current study indicate that strength and stiffness of cortical bone 

vary by location in the human rib cage.  To the authors’ knowledge, this is the first 

disclosure of this result.  Specifically, the strength and stiffness vary, and the variation is 

statistically significant for the anterior versus lateral versus posterior portions of the ribs.  

There is also evidence to suggest that while the difference between two adjacent ribs may 

not be statistically significant on its own (Yoganandan and Pintar 1998), the overall 

variation in material properties based on rib level (Rib 1 versus Rib 12) is statistically 
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significant.  While this variation was not modeled, incorporation of this variation into 

modeling may further affect the response of the ribs. 

For the proper interpretation of results of bending tests, the effects of bone 

plasticity must be taken into account.  These effects are important for bending tests of 

whole bone, as well as bone specimens, and are often not included.  Numerous authors 

have mentioned the necessity of taking into account the plasticity of bone, including 

results from small bone specimen bending tests.  As previously discussed, use of the 

elastic beam theory may overestimate peak stresses by 50% to 100% (Reilly and Burstein 

1975).  However, scaling methods can be used to fix such data and subsequently compare 

it.   

Based on this conclusion, all the ultimate stress data obtained in the current study 

are divided by a factor of 1.56, the average ratio of ultimate tensile stress in bending to 

ultimate tensile stress in pure axial tests obtained from a range of cortical bone samples 

by Burstein et al. (1972).  This factor is based on a range of different ratios of maximum 

yield stress in tension to maximum yield in compression, and the average range for 

cortical bone of elastic elongation to total elongation.   

This study’s results for average strain are in line with previous work by Reilly and 

Burstein (1975), which showed an average failure strain among multiple subjects for a 

similar type of test, of 0.031 or 3.1 percent.  The average failure strain among all 

specimens tested in the current study was 0.032 or 3.2 percent. 

2.4.2. Statistical analysis 

The ANOVA testing performed treats the data as independent.  A total of four 

cadavers have been used in this study and therefore inferences drawn are based on the 

cadaver rather than the general population.  The reason for using an ANOVA model to 

report results is that there are two attributes of the data that make a more complicated 

analysis less useful.  First, there are four cadavers.  This makes the analysis of gender 

difficult as there are only a few degrees available for estimating cadavers (since there are 

4 cadavers and degrees of freedom for the error term is based on the number of cadavers).  
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Second, all combinations of the factors region and rib level are not possible.  This results 

in missing cells and problems with estimation.  In particular, follow-up analysis is 

difficult since model based means for region are not estimable. 

Evaluations of bone material properties contain large variance in their results.  It 

is difficult to determine a mean value that can be used in a predictive way for a ‘standard’ 

human, and this necessity is part of the justification for using means.  Work was 

performed by Keller et al. (1990), intended to establish power law relationships between 

modulus and dry apparent density of cortical bone, and ultimate strength and dry apparent 

density.  This work is based on data from the femur with ultimate strength standard 

deviations of 42.1 percent on average of the mean ultimate strength used in those 

relationships.  The data presented in the current study shows less scatter in the ultimate 

strength data, 33.6 percent.  It is possible that statistical significance would increase with 

increasing numbers of samples and a more accurate inference could be afforded on the 

general population.  Also, the statistical significance of the results is an evaluation of the 

whole dataset, and is based on an assumption of no interaction supported by the 

preliminary statistical results. 

2.5. Conclusions 

This paper presents the results of 80 material tests (2-8 strains/second) on small 

cortical bone samples from controlled locations on the ribs of four elderly cadavers (2 

male, 2 female).  Analysis of variance concludes that there are minimal interaction effects, 

and there is regional variation of the ultimate stress and modulus, but not the failure strain 

of the rib cage.  The lateral average failure stress of 154 MPa was significantly larger 

than the anterior and posterior failure stresses, 116.7 MPa and 127.7 MPa respectively.  

The lateral average modulus, 11.85 GPa, was significantly greater than the anterior 

modulus, 7.51 GPa.  The anterior modulus was also significantly different from the 

posterior modulus.  
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3. Material specimen modeling 

3.1. Introduction 

Material specimens were modeled to validate the material assumptions and 

equations used in Chapter 1 (Equation 1, Equation 2, Equation 3) against the actual 

material behavior during testing.  This serves as a way of checking the assumptions 

inherent in choosing an elastic modulus from all cortical bone specimens tested, as well 

as the peak stresses obtained.  The model also is the same material model used to model 

cortical bone in THUMS (Iwamoto, 2002), and thus can be used to look at the behavior 

of the material model in a more controlled fashion.  Also, because the model is plastic, 

the material specimen modeling provides a way of looking at the stress distribution in the 

cross section in a way that cannot be done experimentally. 

3.2. Methods 

This section details the results of computational modeling of the material 

specimen to validate the assumptions made to interpret experimental data.  The approach 

for small specimen modeling consists of fitting an elastic-plastic material model to the 

experimental data using a method that assumes the initial portion of the stress-strain 

curve in bending represents the elastic portion of loading, and can therefore be used to 

estimate the elastic modulus.  The peak stress obtained is then scaled as previously 

discussed, using a factor of 1.56.  The peak stress is used in a material model of the bone.  

The actual experimental tests are modeled, using a coupon with thickness based on the 

thickness of the specimens obtained in the experiments, and the force-displacement 

curves are compared to assess the validity of the material definitions.  

Two primary experiments were conducted to assess the validity of the calculated 

modulus of elasticity and ultimate stress for the specimens.  Material modeling was 

performed using LS-DYNA (Livermore Software Technology Corporation, Livermore, 

CA)  The objective of the computational modeling of the test specimens is to mimic the 

force-displacement response encountered in the tests.  A secondary goal is to determine 

the suitability of the assumed yield strain criteria as well as the elastic-plastic material 



 

 55

model.  The specimen was modeled using a thickness appropriate for the model run(s) 

used in the comparison (Figure 3.1).  The length between the supports was 20 mm, and 

the test configuration was created so that the impactor and supports were initially in 

contact with the specimen.  The technical details of the model setup are explained here, 

but for more detail on the material models, contact algorithms, etc, the reader should 

consult the LS-DYNA Theory Manual (Hallquist, 1998).  The contact interaction was 

defined using a penalty-based formulation and impactor speed was equivalent to that used 

in experimental tests.  The base supports and impactor were approximated as rigid.  Force 

was measured using the database card *database_rcforc, adding up all the forces exerted 

by nodes coming into contact with the specimen, at the nodes themselves.  This enables 

output of a force response that is equivalent to the inertially-compensated experimental 

response, and is independent of the mass of the impactor.  The impactor delivered a 

controlled displacement speed to the specimen and simulations were run until after the 

specimen broke.  Breakage of the specimen was specified using a plastic strain criterion.  

To assess the stress profile in the specimens, 9-point Lobatto integration was used in the 

thickness of the shell elements, enabling assessment of the stress profile and plasticity 

effects in the cross section as the load was generated.  The width of the specimens was 4 

mm, and the length was 24 mm.  The number of elements used in the simulation was 

based on doubling the number of elements along the sides until the solution converged.  

The number of elements resulting was 8 along the width, and 48 along the length of the 

specimen.  With an average specimen thickness of less than 0.75 mm, this results in 

approximately cubic elements.  The thickness depended on the specimen modeled. 

The two models that were run included a ‘representative’ sample of the lateral 

specimens procured for cadaver 3, and a single sample from cadaver 4.  Because of 

variation in the thickness between specimens procured in the study, no single sample 

could be expected to be representative of all of the samples procured.  Therefore, the first 

simulation conducted had an average thickness, modulus, and failure stress based on all 

lateral samples from cadaver 3.  The second model was run using a single representative 

sample from cadaver 4.  This sample was modeled and two assumed yield strains were 

used to assess its performance.  The first of these was the default yield strain used for 

cortical bone in the original thoracic model, 0.0064, or 0.64% (Yamada, 1970), and the 
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second of these was a yield strain used for the mechanical properties of cortical bone 

from the literature, 0.0041 or 0.41%.  The relative performance of the two assumptions is 

compared by plotting the force-displacement response of the original experimental model 

with the force-displacement response obtained from both modeling approaches. 

 
Figure 3.1.  Model of test specimen for validating stress-strain assumption 

3.3. Results 

The results of computational modeling are presented, detailing small specimen 

modeling to validate the assumptions for material properties from the small specimens. 

The first small specimen was modeled as a representative specimen of all the 

lateral specimens from cadaver 3 (Figure 3.2).  The force-displacement response of the 

modeled specimen approximates the average stiffness of the experimental specimens.  

Failure occurs at a displacement level that is an average for the specimens tested.  Next, 

the modeled response for a single coupon, chosen to be representative of the overall 

cadaver both in terms of force-displacement response and stress-strain response, is 

presented and includes two primary results (Figure 3.3).  The first of these assumes a 

0.64% yield strain, based on the assumption in the current rib cage model.  The second of 

these assumes a 0.41% yield strain, more in line with the current understanding of the 

tensile yield strain of bone.  The 0.64% strain assumption better approximates the peak 

stress encountered in the experimental specimen, while the 0.41% yield strain assumption 

better approximates the peak strain assumption.   
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Figure 3.2. Cadaver 3, lateral specimens, 
force-displacement responses, and average 

model response 

Figure 3.3. Experimental data vs. model 
prediction, for two different yield strain 

assumptions 

The cross sectional stresses in the plane of the specimen are presented (Figure 

3.4).  The alteration of the elastic response into a plastic response occurs at approximately 

0.4 mm of displacement.  Integration point #9 represents the outer tensile surface of the 

coupon, and integration point #1 is on the outer compressive surface of the coupon.  For 

the specimen modeled, the plastic response dominates the loading to failure.  Five points 

along the displacement axis of Figure 3.4 have been singled out and the stress profile 

shows the generation of plastic deformation during loading (Figure 3.5).  In this plot, the 

distance from the center of the specimen to the outer surface is normalized so 1 is the 

outer tensile surface, and -1 is the outer compressive surface of the coupon.  This graph 

demonstrates that if the stress interpretation was linearly elastic, then the peak stress 

would greatly overestimate the actual stress.   
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Figure 3.5. Stress profile in specimen with 
increasing displacement, until failure at 3 
mm of displacement, cadaver 4, rib level 5, 
lateral 

3.4. Conclusions 

The small specimen modeling data highlights the importance of modeling 

plasticity in bone, as the majority of the response of the modeled coupon is the plastic 

response (Figure 3.4).  Also, the stress profiles at different displacements provide 

computational evidence that the factoring of the peak stress during data interpretation is 

correct (Figure 3.5). 
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4. Rib cage modeling 

This study assesses the changes in rib fracture patterns that occur when the 

material properties are specified in a localized fashion.  Specifically, the experimental 

results achieved in Chapter 1 are implemented into the Total Human Model for Safety 

(THUMS) developed by Toyota, and the resulting rib fracture patterns are analyzed.  The 

rib fracture patterns are assessed for several different impactor velocities, representative 

of those performed for cadaver studies in the literature.  A brief review of thoracic 

modeling is presented.   

4.1. Introduction 

Rib cage modeling has proceeded from simple analytical models intended to 

represent the entire rib cage, to finite element based models that take into account 

localized geometry and material properties.  For a complete history of finite element 

models of the thorax, there is no one source.  The following literature review will focus 

primarily on the finite element modeling of the thorax performed primarily within the 

auto safety community.  Most of these models have been validated against human 

cadaver data.   

One of the first types of models proposed for the human thorax was designed to 

give force-displacement response equivalent to the whole human thorax.  This was 

achieved for specific types of frontal impacts, involving controlled conditions, using very 

simple spring-damper models.  One of the first of this type was the one-dimensional 

mathematical model proposed by Lobdell et al. (1973) (Figure 4.1).  The items in the 

model have all been given meanings, but the meanings are often poorly described and not 

correlated well to their real-world counterparts (Table 4.1).  For instance, Mass 2 is 

meant to represent the anterior portions of the thorax, including portions of the rib cage, 

the sternum, and the anterior portions of the soft tissue of the thorax, all of which 

certainly weigh more than 0.7 lb.  However, the model that best fit existing cadaver data 

is the model defining m2 as 0.7 lb.  The model requires varying stiffnesses for the spring 

k23 depending on deflection, and a different value in compression and extension for the 
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dashpot c23.  The model inputs were actually adjusted depending on the speed of the 

impactor for different tests.  Ultimately, the model was validated to the force-deflection 

corridors created by Kroell (1971) and Nahum (1970).  When the model requires 

changing due to its poor performance with varying forcing functions (input mass velocity 

for m1 in this case), the model really defeats the purpose of a model, in that it should 

provide some insight into change in response with different inputs for a given set of 

parameters.  Thus, early work was leading toward more complicated analytical models, 

or finite element models.  The primary objective of the model, however, was to develop a 

mechanical analog, (i.e. the crash test dummy).  So, the approach was well-founded. 

m1 m2 m3
k12k12

kve23
cve23

c23

k23

y1 y2
y3

y4

 
Figure 4.1. Mechanical thoracic analog 

 

Table 4.1. Items used in the mechanical thoracic analog proposed by Lobdell (1972) 

Item Represents Representative values 
M1 Impactor 42.5 lb, 11.5 mph 

M2 Mass of anterior portions of 
the thorax 0.7 lb 

M3 Mass of posterior portions 
of the thorax 40 lb 

K12 
Skin and outer compliant 
material between impacting 
mass and sternum 

1600 lb/in 

K23 
Elasticity of the rib cage 
and directly coupled 
viscera, like heart 

60 or 410 lb/in 
Change at 1.3 inches 

C23 Thoracic damping from air 
in the lungs, blood in 

2.3 lb/in/sec compression, 
12.5 lb/in/sec extension 



 

 61

Item Represents Representative values 
thoracic vessels 

Kve23 Viscoelastic elements such 
as thoracic muscular tissue 75 lb/in 

Cve23 Viscoelastic elements such 
as thoracic muscular tissue 1.0 Lb/in/sec 
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Figure 4.2. Thorax force vs. displacement for Lobdell et al (1973) model and its response 

within the Kroell (1971) corridors for force-displacement 

Viano (1978) modified the model from Lobdell (1973) and fitted the model to 

Kroell’s corridors (1976).  In Viano’s paper, the effects of parameter variation are 

investigated as they relate to the resultant injury severity and the energy storage vs. 

energy dissipated in the model.  Power is also analyzed as an indicator of model 

performance.  Lumped mass literature was most recently reviewed by Prasad and Chou 

(1993), and covered primarily the kinematics and kinetics of the thorax. 

More recently, much of thoracic model development has been in finite element 

modeling of the human rib cage.  This type of modeling is useful because it will predict 

stresses in strains due to geometry and material property definitions.  Ultimately, a global 

model of the thorax can only be indirectly related to rib fractures.  Finite element models, 

it was realized early on, have superior potential as injury predictors.  The development of 

finite element models has improved in the last 30 years with the increase in power of 

computers, and in the last 10 or so years has really taken a leap forward.  
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Sundaram and Feng (1975) modeled a three dimensional thorax with beam 

elements, using linear elastic representations for all materials.  Their model compared 

favorably with experimental studies of overall thoracic deformation.  However, the effect 

of finite element modeling of specific parts of the thorax was immediately apparent.  The 

authors were able to make conclusions about specific rib fractures for the first time, and 

pointed out that the nature of injuries should be assessed based on stress and strain fields.  

They also showed that the stiffness of the thorax depends on loading location.  Their 

conclusion essentially was based primarily on geometry, but it provides some of the 

earliest evidence that localized material properties were of interest. 

Plank and Eppinger (1989, 1991) created a three-dimensional finite element 

model of the thorax.  It contained revised material property representations for the 

thoracic components. 

A lumped mass approach was used by Huang (1994) to model a human thorax 

using MADYMO.  This model incorporated lumped masses and also spring-damper 

models to compute contact forces and displacements, which could subsequently be used 

to compute injury criteria.  Model parameters were adjusted to achieve responses from 

cadaver tests.  The model was effective enough to be used to determine the injury 

potential of padding and door designs, as its response altered based on differing padding 

stiffnesses and door velocities. 

Lizee (1998) presented a model of the human body created for Renault.  The 

model was limited to 10,000 elements and all of the material laws came from the 

literature.  Parameter identification processes were used, meaning that the model was 

adjusted to achieve biofidelity by varying input parameters.  Though created with finite 

elements, the model was ultimately a kinematic model able to produce accurate force, 

deflection, and accelerations, and therefore could assess injury criteria.  However, the 

authors asserted that the next step in the development was to produce a model that can 

predict lesions (fractures, failure) accurately.  They specifically present as an example 

that the model enabled a good reproduction of the displacements observed in cadaver 
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tests, but that the shell elements were not suitable to predict stresses and strains in the 

bone, and therefore the model was not a good predictive tool. 

The response of a three dimensional finite element model was assessed as it 

related to out of position airbag deployment by Plank et al. (1998).  This analytical 

investigation used the finite element model of the thorax developed for NHTSA by Volpe 

National Transportation Systems Center.  The model uses elastic material properties for 

the bone of the thorax, with an elastic modulus of 12 GPa.  The authors point out that 

bone has a failure strength that is higher in compression than tension, but do not use a 

plastic representation for the bone in their model.  A Mohr-Coulomb yield criterion is 

used to predict an effective stress which then is used to estimate rib fractures during post 

processing.  The difficulty with this approach is that without failure of the bones during 

the simulation, it is difficult to accurately assess the subsequent loading to other tissues 

and to internal organs. 

The THUMS model is first presented by Iwamoto (2002).  It presents the whole 

THUMS model, which includes individually meshed bones, ligaments, tendons, flesh, 

and skin.  The total number of element used is 80,000.  The THUMS includes detailed 

models of head and face, shoulder, and also individual internal organs including the heart 

and lungs.  The model is adjusted so that it has a timestep of no less than 1 microsecond, 

by making the individual elements throughout the model large enough that they will not 

have a time step smaller than this.  This makes the entire model suitable for solving on a 

desktop workstation in approximately 9 hours. 

4.2. Methods 

The methodology involves incorporating variation in material properties based on 

anatomical location and analyzing the resulting fracture patterns. 

4.2.1. Meshing 

The objective of the current study is to determine if there are localized differences 

in material properties in the human thorax.  The potential effect of these differences is 

explored by evaluating them in a finite element model of the human thorax, the Total 
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Human Model for Safety (THUMS) (Toyota Central R&D, Japan).  The model was 

developed using data from the Visible Human Project, with commercial data packages 

(Viewpoint Datalabs, Orem, Utah) and anatomical texts (Gray 1973) and scaled to the 

50th percentile American male occupant according to data reported by Schneider et al. 

(1983).  THUMS was originally verified for thoracic compression based on cadaver test 

data published by Bouquet et al. (1994) to fall within the corridors for frontal and side 

impacts developed by Furusu et al. (2001).  This validation data is part of an overview of 

the whole model including validation for all portions, presented by Iwamoto et al. (2002). 

The ribs are modeled as thin rectangular shells of cortical bone, 0.7 mm in thickness.  

They are also filled with trabecular bone, but the material properties of these have not 

been altered in the modeling work performed.  The elastic modulus of the trabecular bone 

is much lower than that of the cortical bone, so the cortical bone has an appreciable effect 

on the response of the ribs.   

The rib material properties in the model are based on material properties from 

Stein and Granik (1976), and the values of yield strain and yield stress are estimated 

using stress-strain curves from tension tests of wet compact bones from human tibia, 

fibula, or humerus, obtained from Yamada (1970).  The yield strains were determined 

from these estimations from the point where the stress-strain curve deviated from the 

initial linear elastic portion.  The original material model for rib cortical bone in THUMS 

is an elastic-plastic material model, with an initial elastic modulus, E, of 11.5 GPa and a 

tangent modulus 20 percent of this, or 2.3 GPa (Furusu et al. 2001).  This tangent 

modulus is implemented at a yield stress of 73.7 MPa, with a failure plastic strain of 

0.014, or 1.4 percent.   When implementing the tangent modulus at 73.7 MPa, the tensile 

yield strain is assumed to be approximately 0.0064, or 0.64 percent.  This is consistent 

with tissue level tensile yield strains determined from cortical bone material properties by 

Bayraktar et al. (2001), when averaging the tensile (average 0.41 percent) and 

compressive (average 0.88 percent) yield strains in their model. 

The original rib cage model was divided into anterior, lateral, and posterior 

segments as defined by the experimental protocol (Figure 4.3).  Rib 1 was defined as a 

lateral section, ribs 2 and 3 were split into anterior and lateral segments, ribs 4-7 were 
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divided into anterior, lateral, and posterior segments, ribs 8-10 were split into lateral and 

posterior segments, and ribs 11 and 12 were given the mechanical properties determined 

for the posterior dataset.  Besides the change in segmentation between the original model 

and the modified model, the only other change was the cortical bone material properties.  

The soft tissue properties and every other part of the model remain as originally 

developed (Furusu et al. 2001). 

 
(a) (b) (c) 

Figure 4.3. Frontal (a), lateral (b), and oblique (c) views of breakup of ribs into anterior, 
lateral, posterior segments 

4.2.2. Material definitions 

To allow comparison between the original and modified models, on the basis of 

changes in stiffness and strength of the bone, the failure strain was kept constant between 

the original and modified models at 2.06 percent.  Based on the results obtained in the 

experimental work, the material properties of the anterior, lateral, and posterior sections 

were altered.  The average moduli for each of the three regions, anterior, lateral, and 

posterior, was implemented in the finite element model.  The average moduli were 

implemented until an assumed failure strain of 0.0064 or 0.64%.  After this point, the 

slope of the tangent modulus was determined by a straight line fit between the yield 

stress/strain point and the ultimate stress/strain point.  The ultimate stress/strain point was 

based on the experimental failure strain and the ultimate stress calculated using the factor 

of 1.56 as previously described.  However, failure was implemented at a plastic strain of 

1.4%, in order to allow easy comparison with the original model. 
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It is known that the compressive yield strength exceeds the tensile yield strength 

in cortical bone, so that there is more yielding on the tensile surface than the compressive 

surface in these tests.  The relationship between tensile yield stress and compressive yield 

stress is approximately 0.6, meaning that the tensile stress will generally dominate the 

failure mechanics of the bone.  This is true for both cortical and trabecular bone at the 

local level (Neibur 2000).  Recently, the theory that fracture is locally strain controlled 

has been demonstrated, with the influence of bone microstructure described in terms of 

toughening mechanisms in bone (Nalla et al. 2003).  With this in mind, a relationship 

between stress and strain will utilize the elastic-plastic material model within LS-DYNA 

(Livermore Software Technology Corporation, Livermore, CA), but also allows uniform 

treatment of the results obtained.   

The stress versus strain curves describing the material property variation used for 

modeling the modified ribs in THUMS are presented (Figure 4.4). The anterior average, 

lateral average, and posterior average stress-strain curves are based on the experimental 

data, while the current THUMS properties are also plotted and are the same for all 

portions of all ribs.  To incorporate the data obtained into the model and compare to the 

original model, the elastic moduli as obtained from the experimental testing were 

implemented calculated based on elastic assumptions from the original data.  The yield 

strains are assumed constant, such that the yield strains for the modified model equal the 

yield strain in the original model.  The ultimate strain of 0.0206, or 2.06 percent, was 

implemented in the modified model as well.  The tangent modulus slope is determined by 

the straight line fit from the chosen yield strain point and the calculated ultimate stress 

using the plasticity factor from the experimental data; however, the ultimate stress in the 

model depends on where the 2.06 percent strain occurs.  The strain energy shows a 26 

percent drop in the anterior segments from the original THUMS model (Figure 4.4, Table 

4.2).   
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Figure 4.4. Material properties used in original thoracic model, and modified material 
properties taking into account differences in anterior, lateral, and posterior portions of 

ribs 

 

Table 4.2. Material properties used in original model and modified model 

Modified model Material property 
variable 

Original
model Anterior

average 
Lateral
average

Posterior 
average 

Elastic modulus (GPa) 11.500 7.511 11.854 10.707 
Yield strain, (unitless) 0.0064 

Yield stress (MPa) 73.2 48.3 76.2 68.8 
Ultimate strain, 

(unitless) 0.0206 

Ultimate stress (MPa) 103.7 86.3 119.1 101.5 
Strain energy density 

(MPa) 1.493 1.110 1.631 1.430 

 
Modified model Material property 

variable 
Original
model Anterior

average 
Lateral
average

Posterior 
average 

Percent change in SED  
versus original N/A -25.7 +9.2 -4.2 

Percent change in SED 
versus anterior - N/A +46.9 +28.8 

4.2.3. Simulation test matrix 

The simulation test matrix is chosen to provide a range of three different impactor 

energies for frontal and lateral impacts (Figure 4.5, Figure 4.6), and uses two runs for 
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each condition (Table 4.3).  These two runs include one with the original material 

properties and one with the modified material properties and segmented rib cage.  The 

impactor velocities are chosen to provide a range of energies that have resulted in 

different thoracic response and/or number of fractures, and also are meant to match 

previous experimental tests.  The simulation velocities are chosen to provide a range of 

energies, but also to allow for future comparisons of biofidelity and rib fracture patterns 

in the literature. 

Figure 4.5. Frontal impactor 
validation initial positioning 

Figure 4.6. Side impactor  
validation initial positioning 

 

Table 4.3. Simulation test matrix 

Simulation 
Number 

Material 
Properties 

Loading 
Type 

Loading 
Direction 

Mass 
(kg) 

Velocity 
(m/s) 

Energy 
(J) 

1 Original 
2 Modified 3.4a 135 

3 Original 
4 Modified 4.9b 281 

5 Original 
6 Modified 

Frontal 

5.8a 394 

7 Original 
8 Modified 3.3c 127 

9 Original 
10 Modified 4.3d 216 

11 Original 
12 Modified 

Impactor

Lateral 

23.4 

5.9c 407 

a) Bouquet (1994)   b) Kroell (1971, 1974), Nahum (1970, 1975)    
c) Lizee (1998), Talantikite (1998)   d) ISO-N455 (1996) 
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4.2.4. Data analysis 

Data was processed using MATLAB (The Mathworks, Natick, MA) and Excel.  

The interpretation of rib fracture location is based on a technique employed by Kent et al. 

(2001), who used an elliptical simplification of the torso cross section so that the results 

for cadavers of different sizes could be compared: 0 percent corresponds to the middle of 

the sternum, 25 percent corresponds to the lateral most aspect, and 50 percent 

corresponds to the center of the vertebrae at the posterior attachment of the rib.  This 

approach is efficient for visualizing rib fractures and is used to evaluate location of rib 

fractures in the computational models.  The circumferential location is based on the 

position of the failed element and subsequently deleted along the rib.  The distance is 

measured along the surface of the rib, cartilage, and sternum at the level that the specific 

rib meets the sternum. Since the distance to the lateral-most element from the sternum is 

not necessarily equal to the distance from the lateral-most element to the vertebrae, the 

assigned percentages are not linear between the anterior and posterior divisions of the 

circumference. After processing the element data from LS-DYNA for rib elements 

deleted (and thus fractured) during the simulation, graphs of fractures based on location 

were created.  These graphs can be used to compare the results of the matched 

computational simulations, one with material properties uniform throughout the thorax, 

and the other with material properties varying by anatomical location.  The format for 

presenting these results is illustrated for demonstration, and includes dashed lines 

representing the anterior, lateral, and posterior section breakups created in the model, 

based on the experimental data (Figure 4.7). 
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Figure 4.7. Rib partitioning methodology as noted by rib number on the vertical axis  

and normalized horizontal plane location on the horizontal axis 

The number of rib fractures and the number of fractured ribs are tallied as 

specified by the NHTSA test reference guide (NHTSA, 2001).  The following 

conventions are presented to explain the measures presented in tabular or other form. 

Name Explanation Notes 
FRCTRB Number of 

Fractured 
Ribs 

The number of fractured ribs sustained by the subject.  The 
maximum number of fractured ribs is 24.  Figure 4.8 depicts 
4 fractured ribs. 

RBFRCT Number of 
Rib Fractures 

The number of rib fractures sustained by the subject, rib 
fracture number will always be greater than or equal to the 
number of fractured ribs.  Figure 4.8 depicts 6 rib fractures. 

 

 
Figure 4.8. Reference graphic for rib fracture count,  

number of ribs fractured (NHTSA, 2001) 
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4.3. Results 

The results of simulations of frontal and side blunt impact on the modified rib 

cage model, incorporating varying material properties, are presented. 

4.3.1. Computational results 

The change in rib fracture patterns between the original model and the modified 

model with regional variation is presented.  In the 3.4 m/s frontal impactor simulations, 

the original model predicts one rib fracture, while the modified predicts none (Figure 4.9).  

The 4.9 m/s velocity impactor displays the same total number of rib fractures; however, 

the number of failed cross-sections increases from 13 to 14 (Figure 4.10). 
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Figure 4.9. Rib fracture patterns for 
original model versus altered model, 3.4 

m/s frontal 

Figure 4.10. Rib fracture patterns for 
original model versus altered model, 4.9 

m/s frontal 

The responses of both models to the 5.8 m/s frontal impact also differ (Figure 

4.11).  The same number of anterior region fractures are predicted in this scenario by 

both models, but the original model predicts two rib fractures on the posterior region of 

the 12th rib, while the modified model predicts a fracture of the lateral region of the 6th 

rib.  Additionally, the patterns resulting from lateral impacts were explored.  A 3.3 m/s 

lateral impact simulation was performed and both the original and modified models 

predict one rib fracture for this low-level validation (Figure 4.12).  Though each model 

predicts one fracture, the number of consecutive elements failed is greater in the original 

model than are predicted by the modified model. 
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Figure 4.11. Rib fracture patterns for 
original model versus altered model, 5.8 

m/s frontal 

Figure 4.12. Rib fracture patterns for 
original model versus altered model, 3.3 

m/s lateral 
 

The lateral 4.3 m/s impact shows the most substantial changes in rib fracture 

patterns (Figure 4.13).  The strain energy capacity of the lateral elements has been 

increased by less than 10 percent for the original model, but the modified model predicts 

far fewer fractures than the original model.  In this case the modified model predicts 

seven fractures, while the original model is predicting 12 fractures for this impact.  The 

amount of impact energy increases 88 percent over the 4.3 m/s lateral impact as the 

impactor speed is further increased to 5.9 m/s lateral.  Compared to the 4.3 m/s impact, 

the modified model now predicts many more failed elements and eight additional 

fractures.  The original model at 5.9 m/s predicts a total of 18 fractures, while this 

number is decreased to 15 when the modified model is used (Figure 4.14).  The original 

model at 5.9 m/s results in two rib fractures on the opposite side of the thorax on rib two. 
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Figure 4.13. Rib fracture patterns for 
original model versus altered model, 4.3 

m/s lateral 

Figure 4.14. Rib fracture patterns for 
original model versus altered model, 5.9 

m/s lateral 
 
 

A table of element failure results is presented for all simulations (Table 4.4).  

Elements make up portions of cross sections of a rib, with an entire cross section of a rib 

usually consisting of 6 elements.  A series of cross sections comprises a rib.  All 

assessments of the number of rib fractures have been based on continuous cross sections 

failed.  For instance, three to five consecutive cross sections or elements in consecutive 

cross sections failed are treated as one rib fracture, but any intact cross sections between 

separate rib fractures on the same rib indicate separate rib fractures.  The cross sections 

failed represents the total number of failure data points shown on the plots.  As a note, 

there are a total of 6 elements for each cross section of the rib model.  Failure of any one 

of these elements would result in a failure data point showing up on the plot, and 

observed as a cross section failed.  The sternum elements failed indicates whether there 

was fracture of the sternum.   
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Table 4.4. Element failure results 

Simulation Failure category Original Modified 

Run number 1 2 
Rib fractures 1 0 
Shell elements failed 1 0 
Cross sections failed 1 0 
Sternum elements 0 0 

3.4 m/s 
Frontal 

Impactor 

Solid elements failed 0 0 
Run number 3 4 
Rib fractures 10 10 
Shell elements failed 61 51 
Cross sections failed 13 14 
Sternum elements 0 0 

4.9 m/s 
Frontal 

Impactor 

Solid elements failed 9 7 
Run number 5 6 
Rib fractures 10 9 
Shell elements failed 68 66 
Cross sections failed 12 12 
Sternum elements 10 10 

5.8 m/s 
Frontal 

Impactor 

Solid elements failed 22 20 
Run number 7 8 
Rib fractures 1 1 
Shell elements failed 6 6 
Cross sections failed 4 3 
Sternum elements 0 0 

3.3 m/s 
Lateral 

Impactor 

Solid elements failed 2 3 
Run number 9 10 
Rib fractures 12 7 
Shell elements failed 165 30 
Cross sections failed 36 15 
Sternum elements 0 0 

4.3 m/s 
Lateral 

Impactor 

Solid elements failed 44 3 
Run number 11 12 
Rib fractures 18 15 
Shell elements failed 126 103 
Cross sections failed 34 24 
Sternum elements 0 0 

5.9 m/s 
Lateral 

Impactor 

Solid elements failed 17 20 
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4.4. Discussion 

Incorporating these material property variations into an existing model of the 

human thorax creates differences in the response of the rib model in terms of rib fractures 

predicted.  The largest difference in the modified ribcage model is the lowered strength 

and stiffness of the segments in the anterior portion of the rib cage.  This change in the 

model results in different numbers of elements failed, and different fracture patterns 

between the original and modified models.  Specifically, lowering the strength and 

stiffness of the anterior segments of the rib cage results in less energy absorbed by the 

anterior region, resulting in more energy transferred to the lateral and posterior region of 

the rib cage.    When comparing rib fracture patterns it is shown that varying material 

properties by location causes important differences in the overall response of the model. 

In blunt frontal impacts, it appears that there is not appreciable increase in the 

severity of injuries with increasing input energy, when comparing the 4.9 m/s frontal and 

5.8 m/s frontal impacts.  In these simulations, the 4.9 m/s frontal impact predicts 10 total 

rib fractures, while the 5.8 m/s frontal impact predicts a total of 9 rib fractures.  However, 

when the rib fracture patterns are compared, it can be seen that the 4.9 m/s impact 

predicts 2 rib fractures on the posterior region of the 12th rib, a finding which is not 

present in the 5.8 m/s simulation.  It is unknown what led to the fractures observed at the 

12th rib, but if only the anterior and lateral portions of the rib cage are considered, it can 

be seen that at the 5.8 m/s impact, the lower strength of the anterior segment of the ribs 

may transfer more energy to the lateral segments of the rib cage, resulting in fractures of 

the lateral 6th rib, and an increase in the total number of rib fractures in the anterior and 

lateral regions of the rib cage.  The number of rib injuries shows an increased severity of 

injuries with increased input energy in terms of solid elements failed and shell elements 

failed with increased speed for lateral impacts.  Though changes in biofidelity have not 

yet been assessed, local definition of rib material properties may increase the accuracy of 

the computational results. 

Assuming increased biofidelic accuracy, it is possible that one can more 

effectively predict the exact time and location of injury by using locally-based material 

properties.  Additionally, the use of an approach that utilizes localized variation in 
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material properties of the thorax and ribs, and then uses these to predict rib fractures, 

allows for better correlation between the injury observed and injury criteria.  A 

responsive model will be able to correlate number of rib fractures directly to AIS rating, 

rather than using compression, for instance, as an intermediary.  This is because criteria 

based on biomechanically-based measures of material properties will be more likely to 

react correctly under varied types of loading.  The use of localized material properties has 

promise for evaluating out of position occupants, or for use in accident reconstruction, 

where it is impossible to run a series of controlled cadaver tests and use these to develop 

analytical models for failure. 

The number of solid elements failed was not studied in the current work, and 

represents the number of failed solid elements representing the cancellous bone.  Since 

the cortical bone is the strongest portion of the rib cross section and was the focus of the 

experimental work, it is the primary focus of the simulations as well. 

The variation between the number of rib fractures in the different simulations has 

been demonstrated (Table 4.4).  The number of shell elements failed is sometimes 

inversely related to the impactor speed for the original model.  For the modified model, 

the number of shell elements failed increases with increasing impactor energy.  For 

instance, for lateral impacts from the 4.3 m/s to 5.9 m/s velocity increase, the original 

model’s total number of failed shell elements decreases, while the total number of rib 

fractures increases.  For the increase from 4.9 m/s frontal to 5.8 m/s frontal impacts, the 

original model predicts the same overall number of rib fractures, while the modified 

model predicts a decrease in rib fractures, but shifts a rib fracture to the lateral portion of 

the rib cage.  These changes in response due to the change in localized material properties 

deserve further attention.  Without addressing the question of biofidelity, in most cases, 

localized material properties create a change in the responsiveness of the model for 

failure prediction.  Since the only thing that has been changed is the mechanical 

properties as they vary between anterior, lateral, and posterior sections, the changes are 

attributed entirely to the alterations made in the new model. 
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While it is useful that material properties of finite element models can be 

modified to obtain acceptable biofidelic response, it can be misleading when the 

underlying assumptions are incorrect, especially with regard to geometry and material 

behavior.  The work herein attempts to completely redefine the material properties of the 

ribs, rather than starting with geometric characteristics and a known response and 

modifying material properties until the overall structure responds correctly.  The 

incorporation of regional variation in material properties for the ribs is the first known 

attempt at this in the literature.  Similar material properties are often assumed for similar 

‘parts’ of the skeleton and soft tissues, but the local variations may be important.  The 

importance of this is demonstrated by the change in response of the model because of 

local variations in material properties.  Finite element modeling must take into account 

not only the variation in geometry of tissues, but also the variation in material properties 

that occurs with this spatial variation, and also the variation in injury threshold that 

occurs with changes in location. 

The methodology used to obtain local material properties involves slicing the 

cortical bone into specimens that are amenable to mechanical testing, and sanding the 

surfaces.   The advantage of this approach is that it enables the comparison of differences 

between locations within a particular bone.  This approach has not been applied to human 

rib cortical bone previously.  It has also not been used extensively for input into finite 

element models, but has been used recently (Beillas et al. 2001).  Beillas et al. present a 

finite element model of the lower limb using plastic stress-strain data from the literature, 

and assumes 3% strain to failure for the bone (Reilly and Burstein 1975, Burstein et al. 

1972). Yet, researchers consistently find a failure strain of ~1.5% for tests of whole bone 

such as the femur (Yamada 1970). Sanding idealizes the specimens by removing 

imperfections that might be present on the inner and outer surfaces of the bone.  Thus, 

material properties obtained in the study are assumed to be representative of the true 

ultimate stress and stiffness of the bone, but ultimate strain is modified for comparison to 

the original model and to account for the imperfections.  The study shows an average 

failure strain of 3.2%, and this is reduced to 2.06% for modeling work.  Even with this 

change, the modified model predicts fewer fractures than the original model.  
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It will be necessary to more effectively determine the reduction in strain necessary 

to use bone coupon data for modeling of whole bones.  Reconciling these differences are 

as important as obtaining the correct stiffness and strength of bone.  These differences 

may be as or more important than the changes that occur in bone with higher strain rate, 

as changes in material properties such as ultimate strain have the largest influence on the 

strain energy capacity of bone (Burstein 1976). 

The differences in relationship between input energy and number of rib fractures 

are perhaps due to increased local accuracy of the modified model, but more sensitivity 

analyses are needed on the relationship between energy input into the thorax and the 

various methods of assessing rib fracture.  Paradoxical variations in model response, such 

as fewer rib fractures with more input energy, must be better explained.  It is also known 

that thickness varies in cortical bone in human ribs (Takahashi and Frost, 1966), and this 

thickness was constant (0.7 mm) in the current study.  Modeling this thickness variation 

may further enhance the model behavior. 

4.5. Conclusions 

Localized material properties are incorporated into an existing human body model 

which includes the rib cage.  The model is partitioned into anterior, lateral, and posterior 

segments and the material properties are varied by location using an elastic-plastic 

material model.  Simulation of the model’s interaction with a rigid impactor is performed 

to explore the differences in rib fracture patterns that occur by assuming changing 

material properties with location. The analysis includes 2 separate material assumptions, 

original and modified, 3 separate impactor speeds, and two directions, anterior and lateral, 

for a total of 12 simulations.  The original and modified models predict different location 

and number of rib fractures, and in the context of controlled simulations, this effect is 

attributed entirely to the new material properties implemented.  

The current study demonstrates that further investigation of localized material 

properties of compact bone are warranted for all models.  Knowing that one can 

significantly change the response of a model with small changes to bone properties 
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means that it is very important to get the properties correct, and account for regional 

variations in a model attempting to predict fracture failure of bone. 
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5. Predicting fractures in human ribs due to blunt impact:  a sensitivity analysis 
of the effects of altering strain to fracture of human rib cortical bone 

5.1. Introduction 

The purpose of this study is to explore the failure strain sensitivity of the original 

THUMS model versus the altered THUMS model.  Assessing failure strain sensitivity 

requires an analysis of the compression characteristics of the thorax and the number of rib 

fractures for a given compression.   

The difference in number of rib fractures predicted versus the number predicted 

by compression criteria between the original THUMS model and the altered THUMS 

model will be explored for a range of assumed failure strains.  This will demonstrate 

whether the overall displacement of the THUMS model changes because of the alteration 

of material properties, or whether this change is more dependent on other factors such as 

the properties of the internal organs.  It was shown previously in Chapter 4 that the 

number of rib fractures for the original THUMS versus the altered THUMS model 

changed because of the alteration in mechanical properties, when no other factors 

changed.  If it is possible to change the number or rib fractures while the overall thoracic 

compression does not change significantly, then the compression criteria itself is called 

into question.  The results could explain much of the variation in numbers of rib fractures 

for the same thoracic compression in different subjects.   

The sensitivity of the ribcage model will be evaluated for two impact conditions 

by altering the plastic failure strain assumption and assessing the number of rib fractures 

that result.  First, the question of whether the thoracic response is biofidelic is explored 

for frontal impacts.  Second, the same changes are explored for lateral impacts.  The 

objective is for the number of rib fractures predicted by compression criteria to match the 

number of rib fractures obtained from the test for varying failure strain assumptions.  The 

amount of compression is examined while the failure strain is changed, until the failure 

strain is the strain necessary to create the correct number of rib fractures.  The difference 

in the original THUMS model versus the altered THUMS model is explored.   
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5.1.1. Background 

In order to determine the compression criteria, a relationship between the 

compression from a large set of cadaver tests and the number of rib fractures obtained is 

needed.  This is available, as Kent (2002) provided a literature review of all the tests 

performed on cadavers where chest compression and the total number of rib fractures was 

reported.  The average age of all the cadavers tested was 65.  The tests reported for 

frontal blunt impacts are all presented by Viano (1978) (Figure 5.1).  A straight-line 

segment represents the relationship between percentage compression and number of rib 

fractures for the data included.  The table of the data (Table 8.1) presented in Figure 5.1 

is presented in Appendix 8.4. 
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Figure 5.1. Number of rib fractures vs. percentage compression  

for frontal blunt impactor tests reported by Viano (1978) 

The tests reported by Kent (2002) for lateral impacts come from a number of 

different sources, and represent a collection of different impactor types, different 

impactor speeds, and different test conditions.  They were chosen because they all report 

lateral (half thorax) compression, and most of them report the number of rib fractures that 

occurred.  For the ones that do not include the number of rib fractures, an AIS or threat to 

life scale is reported.  Because this number represents a minimum number of rib fractures 

that must have occurred to result in the reported AIS, this number represents a window on 

the number of rib fractures that actually occurred.  Therefore, the conservative estimate is 

to translate the AIS score to the minimum number of rib fractures that must have 
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occurred to achieve that AIS score.  Therefore, this dataset contains some data that is 

based on minimum number of rib fractures for a given AIS.  The data is reported as a 

figure representing the number of rib fractures for a given compression where the number 

steadily increases. The source of the data is tabulated in Table 8.2 (see Appendix 8.5, as 

reported in Kent (2002).  The data for lateral impacts is plotted in Figure 5.2.   

The data for lateral compression as tabulated is plotted (Figure 5.2).  A least 

squares linear fit is used as the predictor to assess the viability of the THUMS model for 

the analysis performed. 
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Figure 5.2.  Number of rib fractures vs. percentage compression  

for lateral blunt impactor tests reported by various authors (Table 8.2, Appendix 8.5) 

5.2. Methodology 

The methods section is presented in two parts.  First, the computational test 

matrix used to determine strain sensitivity of the modified and original THUMS is 

reported.  Second, the methodology for determining chest compression, both for frontal 

and lateral impacts, is reported.   

5.2.1. Computational test matrix 

The computational test matrix consists of running the THUMS model, both the 

original and the modified versions, for a number of different failure strain assumptions, 

and then determining the number of rib fractures resulting from each assumption.  The 
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variation of plastic strain is illustrated graphically (Figure 5.3).  The alteration of the 

plastic strain assumption results in different peak stresses on the plastic portion of the 

stress-strain curve.  The graphic also explains the assumption made for the maximum 

stress from the experiments performed in Chapter 1.  The maximum stress calculated 

using Mc/I is factored and results in a different maximum strain.  This is the maximum 

strain value that the statistics were calculated with in Section 2.2.1.3.  For all of the 

computational work performed in Chapter 1, the plastic strain was assumed to be 1.4% 

for comparison with the original THUMS model.  However, the objective of the current 

study is to determine the strain assumption necessary to ‘force’ the model to be biofidelic. 

St
re

ss

Strain ε=0.032

σMax from
experiments

σMax
with factor
of 1.56

εplastic=
0.6% to 1.8%

(from THUMS)

Eplastic

Eelastic

 
Figure 5.3. Test matrix explanation -  

demonstrating alteration of plastic strain for sensitivity study 

The computational test matrices are reported here (Table 5.1, Table 5.2).  There 

are two impact directions each with its own velocity, two material property variations for 

each of seven separate assumed plastic failure strains, ranging from 0.60% to 1.80%, for 

a total of 28 simulations. 
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Table 5.1. Frontal impact simulations 

Impact 
Direction 

Impactor 
velocity, 

m/s 

Material 
Properties 

Plastic 
Failure 
Strain  

Frontal 4.9 Original 0.60 
Frontal 4.9 Original 0.80 
Frontal 4.9 Original 1.00 
Frontal 4.9 Original 1.20 
Frontal 4.9 Original 1.40 
Frontal 4.9 Original 1.60 
Frontal 4.9 Original 1.80 
Frontal 4.9 Modified 0.60 
Frontal 4.9 Modified 0.80 
Frontal 4.9 Modified 1.00 
Frontal 4.9 Modified 1.20 
Frontal 4.9 Modified 1.40 
Frontal 4.9 Modified 1.60 
Frontal 4.9 Modified 1.80  

Table 5.2. Lateral impact simulations 

Impact 
Direction

Impactor 
velocity, 

m/s 

Material 
Properties 

Plastic 
Failure 
Strain  

Lateral 5.16 Original 0.60 
Lateral 5.16 Original 0.80 
Lateral 5.16 Original 1.00 
Lateral 5.16 Original 1.20 
Lateral 5.16 Original 1.40 
Lateral 5.16 Original 1.60 
Lateral 5.16 Original 1.80 
Lateral 5.16 Modified 0.60 
Lateral 5.16 Modified 0.80 
Lateral 5.16 Modified 1.00 
Lateral 5.16 Modified 1.20 
Lateral 5.16 Modified 1.40 
Lateral 5.16 Modified 1.60 
Lateral 5.16 Modified 1.80  

5.2.2. Data acquisition methodology 

First, many of the same measures are reported for these results as were reported in 

Section 4.2.4.  The number of rib fractures, the number of solid elements failed, and the 

number of shell elements failed are all reported in the same way.  The methodology is not 

repeated here, as the reader may refer to the previous section. 

The chest compression is interpreted based on the displacement of certain nodes 

in the THUMS.  For frontal compression, two nodes are used.  One node is taken from 

the frontal skin surface at the point where the skin surface comes in contact with the 

impactor.  The other node is taken from the back skin surface, on the extension of the line 

connecting the center of the impactor with the frontal node.  The deflection is the distance 

between the resultant displacements of the two nodes.  The two node locations are shown 

in Figure 5.4.  For lateral displacement, one node is taken from the lateral surface of the 

skin sustaining the impact, and the other node is taken from the center of gravity of T8 

(Figure 5.5).   
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Figure 5.4. Nodes used for frontal 
compression 

Figure 5.5. Nodes used for lateral 
compression 

Only the resultant displacements are used because the thorax can sustain rotation 

in any of the three axes, and the resultant displacements are the only ones that will make 

sense in this situation. 

The initial distance between the frontal node and the rear node in frontal 

compression is 23.89 cm and the initial distance between the rear node and the side node 

in lateral compression is 19.01 cm.  This distance is used to normalize the distance during 

the event, so that the compression can be calculated on a percent (%) compression basis 

and the results can be compared with experimental data from different cadavers. 

5.3. Results 

5.3.1. Frontal impacts 

To explore the effects of altering the plastic strain criteria on the fracture 

predictive capability of THUMS, a test matrix of simulations using a number of different 

strain criteria was performed.  First, the results of these simulations are tabulated for 

frontal impacts (Table 5.3). 
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Table 5.3. Results from computational model runs - frontal impacts 
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Frontal 4.9 O 0.60 11 14 68 13 0.0669 0.280 4.99 
Frontal 4.9 O 0.80 11 12 68 12 0.0669 0.280 4.99 
Frontal 4.9 O 1.00 9 10 59 11 0.0667 0.279 4.96 
Frontal 4.9 O 1.20 9 10 58 13 0.0662 0.277 4.90 
Frontal 4.9 O 1.40 9 10 61 9 0.0655 0.274 4.81 
Frontal 4.9 O 1.60 9 10 58 10 0.0639 0.268 4.62 
Frontal 4.9 O 1.80 7 8 32 4 0.0616 0.258 4.35 
Frontal 4.9 M 0.60 11 15 90 13 0.0668 0.280 4.97 
Frontal 4.9 M 0.80 13 16 82 15 0.0669 0.280 4.98 
Frontal 4.9 M 1.00 10 11 61 12 0.0674 0.282 5.05 
Frontal 4.9 M 1.20 8 8 53 9 0.0663 0.277 4.91 
Frontal 4.9 M 1.40 9 10 51 7 0.0654 0.274 4.80 
Frontal 4.9 M 1.60 7 8 33 4 0.0624 0.261 4.44 
Frontal 4.9 M 1.80 2 2 6 0 0.0624 0.261 4.44 

The number of rib fractures obtained for the original versus the modified THUMS 

model is presented in Figure 5.6 for the range of failure strains tested. 
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Figure 5.6. Number of rib fractures predicted versus strain assumption, 

23.4 kg frontal impactor at 4.9 m/s – original and modified THUMS 

The results obtained by altering the strain assumption for the original THUMS 

shows that the number of rib fractures obtained from the model will not intersect the 
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number of rib fractures predicted by compression criteria for any plastic strain less than 

1.8%.  This is apparent because the graphs do not cross for this set of simulations (Figure 

5.7).  Because the average strain obtained in all of the tests of whole ribs was 1.15%, it is 

undesirable to get much further from this level of strain.  The number of rib fractures 

does not decrease monotonically for increasing plastic strain to failure.  It stays level 

from levels of 1% strain to 1.6% strain.  The model does not decrease monotonically for 

the modified THUMS either.  The model does, however, intersect the predicted number 

of rib fractures at approximately 1.75% strain (Figure 5.8).  This is 0.35 % strain higher 

than the level assumed in the original THUMS.   
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Figure 5.7. Obtained and predicted number 
of rib fractures versus plastic strain 

assumption, 23.4 kg frontal impactor at 4.9 
m/s – original THUMS 

Figure 5.8. Obtained and predicted number 
of rib fractures versus plastic strain 

assumption, 23.4 kg frontal impactor at 4.9 
m/s – modified THUMS  

The number of shell and solid elements failed versus the plastic strain assumption 

is shown in Figure 5.9 and Figure 5.10, respectively. Looking at the number of shell 

elements failed versus the plastic strain assumption, it is shown that the number of shell 

elements does not decrease monotonically for the original model, while it does for the 

modified model.  This demonstrates increased stability of the model when using modified 

material properties.  For the number of solid elements failed, it is seen that the number of 

solid elements increases and decreases with increasing plastic strain for the original 

model.  For the modified model, after a plastic strain of 0.8%, the number of solid 

elements decreases monotonically with increasing plastic strain, showing that the model 

has some additional stability.  This conclusion can only be drawn for the 4.9 m/s, 23.4 kg 
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frontal impactor, but it does demonstrate some increased usefulness of the modified 

THUMS model. 
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Figure 5.9. Number of shell elements failed 

versus plastic strain assumption,  
23.4 kg frontal impactor at 4.9 m/s –  

original and modified THUMS 

Figure 5.10. Number of solid elements 
failed versus plastic strain assumption,  
23.4 kg frontal impactor at 4.9 m/s –  

original and modified THUMS 

5.3.2. Lateral impacts 

Similar to the approach for frontal impacts, a test matrix of simulations using a 

number of different strain criteria was performed for lateral impacts.  First, the results of 

these simulations are tabulated for the lateral impacts (Table 5.4). 

Table 5.4. Results from computational model runs - lateral impacts 
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Lateral 5.16 O 0.60 8 17 272 50 0.0763 0.401 10.10 
Lateral 5.16 O 0.80 8 12 217 40 0.0697 0.367 8.86 
Lateral 5.16 O 1.00 8 17 158 23 0.0652 0.343 8.01 
Lateral 5.16 O 1.20 8 13 136 26 0.0645 0.339 7.88 
Lateral 5.16 O 1.40 9 16 135 25 0.0640 0.337 7.79 
Lateral 5.16 O 1.60 7 10 109 26 0.0633 0.333 7.66 
Lateral 5.16 O 1.80 7 8 57 9 0.0600 0.316 7.04 
Lateral 5.16 M 0.60 8 18 197 22 0.0698 0.367 8.87 
Lateral 5.16 M 0.80 8 20 158 16 0.0711 0.374 9.13 
Lateral 5.16 M 1.00 9 17 211 47 0.0682 0.359 8.58 
Lateral 5.16 M 1.20 8 15 112 21 0.0702 0.369 8.95 
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Lateral 5.16 M 1.40 6 11 67 10 0.0675 0.355 8.44 
Lateral 5.16 M 1.60 5 9 67 12 0.0659 0.346 8.13 
Lateral 5.16 M 1.80 4 5 14 0 0.0587 0.309 6.78 

The number of rib fractures obtained for the original versus the modified THUMS 

model for lateral impacts is presented for the range of plastic failure strains tested (Figure 

5.11). 
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Figure 5.11. Number of rib fractures predicted versus plastic strain assumption, 

23.4 kg lateral impactor at 5.16 m/s – original and modified THUMS 

The results obtained by altering the strain assumption for the original THUMS 

shows that the number of rib fractures obtained from the model will not intersect the 

number of rib fractures predicted by compression criteria for any strain less than 1.8% 

plastic.  This is apparent because the graphs do not cross for this set of simulations 

(Figure 5.12).  Because the average strain obtained in all of the tests of whole ribs was 

1.15%, it is undesirable to get much further from this level of strain.  The number of rib 

fractures does not decrease monotonically for increasing plastic strain to failure.  It 

oscillates from levels of 0.6% strain to 1.4% strain.  The model does not decrease 

monotonically for the modified THUMS either, but does for plastic strains from 0.8% to 

1.8%.  The model does, however, intersect the predicted number of rib fractures at around 
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1.65% (Figure 5.13).  This is 0.25% strain higher than the level assumed in the original 

THUMS.   
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Figure 5.12. Obtained and predicted 
number of rib fractures versus plastic strain 

assumption, 23.4 kg lateral impactor at 
5.16 m/s – original THUMS 

Figure 5.13. Obtained and predicted 
number of rib fractures versus plastic strain 

assumption, 23.4 kg lateral impactor at 
5.16 m/s – modified THUMS  

Looking at the number of shell elements failed versus the plastic strain 

assumption in Figure 5.14, as for the frontal simulations, the number of shell elements 

does decrease monotonically for the original model, while it does not for the modified 

model.  This demonstrates decreased stability of the model in terms of shell elements 

when using modified material properties.  For the number of solid elements failed (Figure 

5.15), neither the original or modified models demonstrate stability of response with 

increasing plastic rupture strain.  This demonstrates inapplicability of looking at shell 

elements failed or solid elements failed in order to predict injury. 
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Figure 5.14. Number of shell elements 
failed versus plastic strain assumption,  
23.4 kg lateral impactor at 5.16 m/s –  

original and modified THUMS 

Figure 5.15. Number of solid elements 
failed versus plastic strain assumption,  
23.4 kg lateral impactor at 5.16 m/s –  

original and modified THUMS 
 

5.4. Discussion 

The assessment of biofidelity is a difficult task, involving ultimately the ability of 

the model to predict fractures.  The results from both the frontal tests and lateral tests 

indicate that the modified model gets closer to achieving biofidelity, with all other model 

inputs remaining the same.  However, there is more work to be done.  Each model run 

takes nine hours, and the number of variables potentially affecting biofidelity is large.  

Toyota Central Research and Development (TCRDL) has performed model validation 

using a reduced model.  This model includes the weight of the head and neck added to T1 

and T2, the weight of the arms added to lateral ribs, and the weight of the lower body 

added to the lumbar spine.  The ability of such a model to accurately represent all of the 

stresses and displacements of the full human body model is questionable.  Presumably, 

this has been tested in those validations.  In the work performed in this section, the entire 

THUMS is used.   

The effect of reducing failure strain is ultimately to reduce the energy absorption 

capacity of the bone.  Because of the dynamic nature of an impact, the effect of this 

change can alter the timing as well as location of impacts, and alter subsequent energy 

absorption of the bone.  Because of the ribs’ proximity to soft tissues, changes in failure 
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patterns can alter the load transfer to the soft tissues.  Thus, the changes seen in fracture 

patterns may not always track energy of the impactor.  The sensitivity analysis performed 

here will help to shed light on the effectiveness of strain-based criteria for accurately 

predicting fractures, and tracking fractures as they occur.  The reason that strain is altered 

versus another parameter, is that strain is the measurand that changes least with varying 

degrees of bone quality, etc (Nalla, 2003).  Therefore, making failure strain equal to a 

level necessary to predict the correct number of fractures will point out other parts of the 

model that need to be adjusted, such as geometry, stiffness, etc.   

5.4.1. Frontal tests 

The results of frontal tests for a number of different plastic strain assumptions 

indicate that the original THUMS, with uniform material properties, has little hope of 

being a predictive tool in its current form.  Though the original THUMS is based on 

biomechanically derived material properties (Stein and Granik, 1976), the direct 

application of these material properties to the entire thorax model is probably not 

warranted based on the results obtained herein.  The altered model is actually able to 

intersect the predicted number of rib fractures based on available compression criteria for 

a reasonable failure strain, while the original model is not.  This is an advantage of using 

localized material properties in the model.  The model predicts the same number of rib 

fractures as the compression criteria, for a plastic failure strain of approximately 1.75%.  

This strain is based on an interpolation between the model runs performed for 1.6% and 

1.8% plastic failure strain. 

5.4.2. Lateral tests 

For the lateral impactor, the modified THUMS model demonstrates increased 

stability of response with increasing plastic rupture strain assumption.  After the plastic 

strain assumption reaches 0.8%, the number of rib fractures decreases monotonically with 

increasing plastic failure strain.  This demonstrates increased stability of the model for 

predicting number of rib fractures.  This stability, however, does not extend to other 

measures that seem to improve for the frontal impacts.  Both the number of failed shell 

elements and the number of failed solid elements become more erratic and difficult to 
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interpret.  However, the most important measure is probably the number of rib fractures, 

and the fact that this measure becomes more stable is a positive result. 

5.4.3. Limitations 

There are several limitations associated with this study.  First, each model input 

that is varied adds usefulness to the study, but also adds a degree of freedom.  Because 

the goal of this study was to predict overall global number of rib fractures properly, a 

more focused study, on one rib for instance, was not performed.  This type of study, with 

suitable validation data, would make it possible to vary many more parameters and obtain 

the correct number of rib fractures in a reasonable amount of time.  Many of the factors 

that might be expected to affect biofidelity, including viscous effects from the mass 

forming the interior of the thorax, representing all the soft tissues, were not altered.  The 

articulation of the ribs with the vertebrae would be expected to affect thoracic deflection.  

The model was not validated with a range of impactor speeds.  The model does fall 

within force-displacement corridors for the 4.9 m/s frontal impacts, though not entirely 

within these corridors for all failure strain assumptions.  The ability of the original 

THUMS versus the altered THUMS to fall within force-displacement corridors for a 

range of impactor speeds was not tested.  This is a good subject for future work. 

5.5. Conclusions 

For frontal impacts there are improvements in the response of the model to 

alterations in the strain criteria for the frontal impactor at 4.9 m/s, and the lateral impactor 

at 5.16 m/s.  The most important result is that for both the impact directions the model 

becomes more stable in terms of the number of rib fractures predicted for the modified 

versus the original model.   With increasing plastic failure strains from 0.8% to 1.8%, the 

model’s predicted number of rib fractures decreases monotonically.  This demonstrates 

the model’s improved suitability for adjustment to take into account age, etc. by changing 

the plastic failure strain.  The only thing that was changed between the original and 

modified models is the localization of material properties.  This means that the 

incorporation of localized material properties for the rib cage may improve model 

response, making the model more biofidelic and more flexible. 



 

 96

For the frontal impacts, the number of shell elements and number of solid 

elements failed decreases monotonically for increasing failure strain, as one might expect.  

This is not the case for the original THUMS model, which increases and decreases 

unpredictably as the failure strain increases.  However, it is also not the case for the 

altered THUMS model for lateral impacts.  The original THUMS model was validated by 

adjusting the strain assumption until the number of broken ribs was equal to the level 

predicted by thoracic deflection criteria and cadaver data.  The legitimacy of this 

approach is unknown for the original THUMS model because a sensitivity analysis was 

not performed in the current study and the original data is unpublished.  Presumably the 

original creators of the THUMS model performed such an analysis and discovered that 

the rib fracture versus failure strain relationship was stable before deciding on a failure 

strain.  In the current study, it is clear that the original THUMS model, which is based on 

biomechanically based measures of rib mechanical properties, does not respond well to 

altering strain in order to determine when the model predicts the correct number of rib 

fractures. 

There are several interesting future applications for the research described herein.  

The idea that failure of bone is strain-controlled (Nalla, 2003) could mean that the correct 

approach to alter the model for different occupant ages should involve changing the strain 

assumption.  The sensitivity analysis performed here could serve as a design tool to be 

able to determine the strain required to result in a certain number of rib fractures.  This 

suggests that a function describing failure strain versus age could be used to make the 

model predictive of rib fractures for a range of ages. 

There are a couple of sources of error that are not based on assumptions made in 

the study.  A major one pointed out by the computational results is that the number of rib 

fractures is not always a monotonically increasing function of decreasing failure strain.  

This could be due to complex geometry, but it also could be due to the implementation of 

the failure criteria within LS-DYNA.  It is believed that this is due to the use of the 

failure criteria because of the shell and solid element response.  These are more stable, 

monotonically decreasing functions of increasing failure strain.  The failure criterion is 

implemented into the model at each time step, as the elements of the ribs are checked 
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against their failure criteria.  All of the output data in the study is filtered, except for 

displacement, which was relatively noise-free.  The amount of noise in the force response 

of the model is directly reflective of the stress and strain response in the elements.  The 

failure criteria are not implemented on the filtered response used for post-processing 

analysis, but rather implemented in real-time as the model is run.  A better failure 

criterion may involve the solver keeping track of the nodal forces, stresses, and strains, as 

well as filtered versions of these.  The filtered response, and not the instantaneous 

unfiltered response, would be used to implement failure.   

Overall, the work presented provides convincing evidence that similar force-

displacement responses can result in very different numbers of fractures.  This is a very 

important point, because it means that a great deal of effort must go into any model that is 

expected to predict localized failure properly. 
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6. Implications of plasticity on the breaking strength and strain of whole 
human rib sections and a comparison to local material properties of human ribs 

6.1. Introduction 

To compare the similarities and differences between local material properties 

obtained from small cortical bone specimens of human ribs, and material properties 

obtained from whole ribs or rib sections, the rib specimens from the opposite side of the 

cadavers tested for Chapter 2 were broken in dynamic three-point bending.  The purpose 

of this testing was to validate the results of the cortical bone specimen testing and 

interpret it in light of the performance of whole ribs.  Because of the lack of control over 

geometry of the ribs, the stress analysis was performed based on average cross sectional 

area measurements. The data was also interpreted in light of the effects of plasticity 

known to be present in cortical bone on the peak stresses computed.  The applicability of 

the plastic assumption to determining the stress in human ribs is tested. 

Granik and Stein (1973) attempted to develop methods for testing human ribs as a 

means of determining the effect of demineralization on bone strength.  Their testing was 

static and in general was developed to minimize the effects of curvature, skew, taper, and 

spongy bone content.  They found that, in general, ribs yield elastic modulus (E) and 

ultimate stress (σ) was 10-15 percent lower than most other bones in the human body.  

Six-inch rib segments were taken only from ribs six and seven by selecting the portion 

with the least apparent curvature.  One of their most important findings was that 

curvature, skew and taper do not significantly affect the modulus of elasticity 

measurements.  On 10 normal ribs, the mean modulus of elasticity found by Granik and 

Stein was 11.5 MPa, while the peak stress they found was 106.2 MPa.  The actual bone 

area of the cortical bone in a cross section was 15% of the total cross sectional area when 

measured using the outer portion of the rib.  The difficulties with the study included the 

lack of sophisticated imaging programs that are now readily available to researchers, as 

were used for the current study.  It proved very difficult to obtain the cross sectional area 

moment of inertia in this study.  Another item to note is that Granik and Stein computed 

an E’, which is the elastic modulus corrected for the quarter-point moments of inertia on 
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the ribs.  This calculation was much more difficult than warranted, as the resulting E’s 

differed from the E calculations, based solely on the cross sectional moment of inertia 

and the moment, by less than 2%.  Therefore, Granik and Stein concluded that all that 

was necessary was the use of the elastic equations.  Many of the results pointed out in 

Granik and Stein’s analysis were insightful.  The irregularity of the cross-sectional shape 

of the bone and the non-uniform circumferential distribution of cortical bone (varying 

thickness) makes it impossible to use a simplified mathematical model.  One of the most 

important findings is that short sections of bone may be tested without regard to curvature, 

since the peak loads encountered in the ribs (made out of plastic from molds of human 

ribs) and matched cantilever beam specimens (made by casting a uniform cross section 

beam of the same material) had very little difference in load.  This provides justification 

for testing ribs in three-point bending.   

Stein and Granik (1976) also performed three point bending tests on 278 short 

section sixth and seventh rib specimens from 79 individuals.  Again the focus was on 

evaluating the difference in bones based on age and conditions of disease.  The span was 

not mentioned but figures included in the report indicated testing was limited to the 

straight section of the rib.  The failure stress from the tests was approximately 100 MPa, 

which is similar to the values obtained by Yoganandan and Pintar (1998).  No significant 

difference was found between the strength of the sixth and seventh ribs.  Stein and Granik 

attempted to formulate relationships between ‘bending rate’ (crosshead rate) and stress, 

as well as between stress and age. 

Evaluation of the response of individual ribs is a promising step in determining 

the overall response characteristics of the human thorax.  If the strength of each of the 

ribs is known, a predictive model could be created to determine what forces would 

initiate rib fracture at different levels of the thorax.  A difficult aspect of rib analysis is 

their complex structure.  The large curvature of the higher ribs, combined with their 

shorter length creates a geometry that is difficult to evaluate mechanically.  For this 

reason, previous research performed on human ribs has been done on segments of the 

lower ribs. Yoganandan and Pintar (1998) investigated the properties of the seventh and 

eigth ribs of 30 human cadavers.  Straight sections approximately 150 mm long were 
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removed from each rib.  These sections were then subjected to simply supported three-

point bending.  The mechanical behavior of the ribs was independent of location, both 

vertically and horizontally on the thorax.  The average Young’s Modulus of the seventh 

rib was 2318 MPa and 1886 MPa for the eighth rib.  The average deflection to failure was 

0.30 cm for the seventh rib and 0.32 cm for the eighth rib.  These values are small 

compared to deflection values of 6 cm for lower ribs and 3 cm for upper ribs that were 

determined by Shultz et al. (1974).  However, the higher values are a result of cantilever 

testing of disarticulated ribs.  Also, the costal cartilage was left intact during the tests by 

Shultz, which contributed to the total deflection of the ribs.  Rotational constraints were 

not applied to the ribs in either the Yoganandan or the Shultz tests.  The lack of constraint 

had a more profound affect on the Shultz cantilever tests.  This is demonstrated by the 

fact that deformations occurred in a direction other than the direction of applied force.  

By allowing the ribs to rotate, the force exerted on the free end was supported by both 

deflection and rotation of the rib itself.  This result demonstrates the complexity of the 

ribs and the unique way they react to forces.  This also suggests that simply supported 

three-point bending tests are unable to fully explain the mechanical properties of ribs.   

 There are several reasons why the material properties should be compared to 

those taken from whole ribs.  This experimental methodology is a promising one that has 

been used successfully in tests of other bones including the femur, and recent tests of the 

microstructure of bone.  (Nalla, 2003 and Keller, 1990).  The results from such tests 

demonstrate that the material properties vary by location within bone.  There has not been 

sufficient evidence that there is a material property distribution within the rib cage.  The 

methodology of using small cortical bone specimens has not been tested.  Therefore, the 

results of the small cortical bone testing should be compared to whole bone testing, albeit 

at a more localized level, from the same cadaver population. 

6.2. Methods 

6.2.1. Experimental configuration 

The methodology for breaking ribs was three-point bending and was employed as 

detailed by Cormier (2003).  Rib sections were taken from the opposite sides (right sides) 
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of the cadavers used for the work performed in Chapter 2 (Figure 6.1).  The average span 

width of a rib section was 7 cm, so the average rib length during procurement was 

slightly longer than this to accommodate overhang in the tests.  Therefore, there were 

only lateral specimens from ribs 1-3, an anterior and a posterior specimen from ribs 4-7, a 

lateral specimen only from ribs 8-10, and a posterior specimen only from ribs 11 and 12.   

 
Figure 6.1. Specimen locations depicted by white areas: 6 anterior, 10 lateral, 7 posterior, 

total 23 locations 

Ribs were broken in three-point bending as per the recommendation of ASTM-

D590, and the NHTSA test reference guide (NHTSA, 2001).  The following conventions 

are presented in the NHTSA test reference guide to explain the measurements taken 

during testing of the rib specimens.  These include the number of the test, the rib location, 

the moment of inertia of the cross section of the rib being tested, the neutral axis distance, 

the length of the span, and the peak load at the time of fracture.  A schematic of a rib in 

three-point bending is shown in Figure 6.2. 

RIBNO Rib Number Number assigned to each rib test performed 
RIBLOC Rib Location Position in the rib cage of the first rib 

undergoing the bending strength test 
RIBIN Moment of Inertia for Rib The moment of inertia for the cross section of 

the rib being tested 
NADIA Neutral Axis Distance of 

the Rib 
The distance from the neutral axis to the most 
remote point of the rib cross-section of the rib 
being tested.  In this case, the distance 
represents the distance from the neutral axis to 
the tensile surface. 
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RIBNO Rib Number Number assigned to each rib test performed 
SPLEN Rib Length of Span The length of the span between the two points 

where the rib is simply supported. 
BRKLDP Peak load at break The peak load on the rib at the time of fracture 

 

SPLEN

RIB

SPLEN/2

 
Figure 6.2. Rib specimen mounted for 3-point bending test (NHTSA, 2001) 

Cross sectional area of the ribs was determined from digitized photography after 

testing.  The cross sectional area of the rib at the location of fracture was determined by 

making a perpendicular cut across the rib near the fracture location.  This enabled the 

determination of area moment of inertia.  With force and displacement data, the failure 

stress was determined. 

All tests were performed in the bending direction appropriate to simulate frontal 

impact loading, depending on the location of the section.  A strain gage was placed on the 

mid-shaft bone section on the tensile side to record the strain and strain rate during 

impact.   

The impactor is shown in Figure 6.3 below, and the displacement is administered 

via an MTS (Materials Testing Systems, Raleigh, NC) servohydraulic test machine.  The 

test was recorded with high-speed digital video (1000 fps).  Values for peak impact load, 

strain to fracture, and total energy absorbed were derived from the load deformation 

curves and geometry.  The rib sections were mounted in an MTS machine with a 458 
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Microcontroller (Materials Testing Systems, Raleigh, NC) and tested at an average 

displacement rate of 500-1000 mm/sec.  It was determined that a higher displacement rate 

was needed to achieve strain rates similar to those achieved with the small specimen tests.  

Because of the high loading rates used, the load cell responses were inertially 

compensated using the response from an unloaded test.  The inertial response was large 

compared to the total response, so inertial compensation was a very important part of 

post-processing the data.   

 

 
Figure 6.3. Rib specimen in three point bending 

6.2.2. Data analysis 

For analysis of the data, the inertially compensated responses were analyzed for 

peak stress calculated using the Mc/I method, where M is the moment, calculated from 

the peak force and the distance, c (SPLEN/2) is the distance from the neutral axis to the 

tensile surface, and I is the cross sectional moment of inertia.  Also, the peak strain was 

obtained from the strain gage hooked up during the test, and modulus of elasticity was 

evaluated from the linear portion of the stress-strain curve.  Additionally, a chief purpose 

of this chapter is to determine if plasticity of bone has an appreciable effect on the stress 

calculated using Mc/I. 
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6.2.2.1. The relationship between peak stresses calculated using elastic beam 
theory and maximum peak stresses calculated assuming plasticity 

The methodology employed for determining peak stresses in the ribs assumes that 

the rib does not rotate along its long axis during loading, and also assumes that the strain 

distribution is linear and the behavior of the rib is elastic in nature.  The resulting stresses 

can, therefore, be compared to the literature when similar methodology has been 

employed.  However, it is known that bone is not elastic, but behaves plastically.  It is not 

the goal of this research to classify all the bone tested with respect to level of plasticity, 

but to determine a method of interpreting the difference in peak stress that is traditionally 

reported for bone, and apply this specifically to human ribs.   

In order to create biofidelic models, the level of energy that bone can absorb must 

be correctly ascertained and the correct material model must be used.  To do this, the 

cross sections of bone were analyzed for the peak stress they would see due to a given 

loading moment.  It is known that the load that can be supported by a structure that 

plastically deforms can be much higher than the load a similar structure with the same 

elastic stiffness and geometry can support.   

There are three constraints governing the stresses in a given cross section.  The 

first of these is that the sum of the axial forces must be equal to zero (Equation 6-1).  The 

second of these is that the bending moment in the cross section must be equal to the 

applied moment (Equation 6-2).  The third is that plane sections must remain plane 

during deformation.  While these conditions are easy to satisfy for a rectangular or a 

circular cross section, bones do not follow this behavior.  In particular, studies point to 

idealized cross sections that, for the same applied moment and assuming different values 

of plasticity of the bone and of the relationship between breaking strain and yield strain, 

the peak load that the bone will carry can vary significantly.  In particular, the average 

calculated peak stress in the bone can be more than twice the actual peak stress for solid 

circular cross sections and more than 1.5 times the peak stress for rectangular cross 

sections, assuming perfect plasticity and a solid cross section (Burstein, 1972; Reilly, 

1975).  Burstein in particular emphasized that this relationship would apply to femur 

bone.  This study attempts to determine if it applies to the ribs and, if so, what this ratio is.   



 

 106

 ∫ = 0: dAAxialForce xσ  Equation 6-1

 

 ∫ =− MdAyentBendingMom xσ: Equation 6-2

A few factors are of interest to set up the approach for determining this ratio for 

an arbitrary cross section such as a femur or a rib.  The first of these is the ratio between 

the compressive yield stress and the tensile yield stress, η (Equation 6-3).   It is known 

that the magnitude of bone’s compressive yield strain exceeds the tensile yield strain by a 

factor of 2.146.  Specifically, the yield compressive strain of bone that gives the best 

results in models of trabecular bone is 0.0088, or 0.88%.  The tensile yield strain, 

however, is 0.0041, or 0.41% (Neibur, 2000).  Because the tensile yield strain and 

compressive yield strain refer to the delineation between elastic and plastic behavior for a 

given specimen, the strains are still related to the stresses through the elastic modulus.  If 

the modulus is assumed to be the same in tension and compression in the elastic regime, 

then the tensile and compressive yield stresses are actually related by the same ratio.  

This will become an important assumption in the interpretation of peak stress reached in 

bone assuming elastic or elastic-plastic behavior.  The other factor of interest is γ, or the 

ratio of elastic yield strain to maximum strain (Equation 6-4).  A ratio for γ determined 

for the THUMS is approximately 0.31, or 0.0064/0.0206 (0.64% strain / 2.06% strain).  

Because in most cases, the tensile strain will dominate failure, the ratio between elastic 

strain and maximum strain has a greater effect on the bone response than does the ratio 

between compressive yield strain and failure strain.   
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The application of scaling factors to peak stresses computed in bone, though it can 

seem fairly simple and does not employ very complicated mathematics, seems to be 

poorly understood in the literature and not well applied to the available data.  The 

application ranges from failing to apply the assumption of plasticity to bone at all, to 
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applying the assumption to entire datasets without regard to cross sectional area or 

moment of inertia (Keller, 1990).  The current study is a theoretical study, whereby it is 

assumed that γ = 0.31, and η = 1.  Though it is known that the tensile failure stress can be 

much smaller than the compressive yield stress, assuming that η = 1 is a first 

approximation because it is known that the tensile failure stress dominates fracture 

mechanics of bone.   

The current work attempts to determine this scaling factor for rib sections.  The 

purpose of this is to determine a way to better interpret past and future data obtained for 

rib sections.  Also, the approach has significant implications for all whole bone tests, 

including femurs in three point bending and upper extremity bones as well.  

The approach for determining the cross sectional area moment of inertia for bone 

sections was to cut the bone at the location at which breakage occurred, and then digitize 

photographs of the bone cross sections.  For this task, Image Robot (Jasc, Eden Prairie, 

MN) was used to threshold images of bone cross sections so that the resulting data was a 

bitmap image of pixels with two colors: black and white.  Figure 6.4 shows a sample 

resulting image, along with the image that resulted after processing.  Lighting conditions 

were controlled, as were the settings used to process the images using Jasc Image Robot.  

The settings used to process images are detailed in the appendices for review (Appendix 

8.1). 

(a) (b) (c) 

45 cm

   
Image from rib Rib section from photo 

(sample SM27R08L) 
Processed rib section 
(sample SM27R08L) 

Figure 6.4. Rib cross section image examples 

The cross section of the rib is then digitized assuming three point bending along 

the long axis.  A code was programmed in Matlab to determine the area moment of 

inertia of the specimen, as well as the location of the neutral axis and the distance from 
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the neutral axis to the outer surface. This code is included in the appendices for review 

(Appendix 8.2). In the process of calculating the location of the neutral surface and 

moment of inertia, the number of pixels per row and per column of data is also calculated. 

These numbers can be used to calculate the stress and strain distribution in a rib due to a 

given load.  The digitized numbers are inserted in a cell to form a column of data in the 

solver spreadsheet (Appendix 8.3).  The solution to the beam equations for an arbitrary 

cross section is statically indeterminate.  Therefore, the Solver in Excel (Microsoft, 

Redmond, WA) was used to determine the location where the resultant axial force was 

zero for the same applied moment, by varying the strain profile with the assumption that 

plane sections remain plane during bending.  By creating an initial guess, the solver 

attempts to solve the conditions imposed on it by the user.  In this case, the conditions 

imposed include the sum of forces in the axial direction equal to zero, the total moment 

equal to the applied moment, and the strain is linear through the cross section.  The solver 

is configured to take an initial guess for slope of strain (strain versus location in the cross 

section) and the force and therefore moment constraints, and alter the strain slope 

assumption until the force and moments constraints are satisfied.  The resulting peak 

stress assuming plasticity and the resulting ultimate stress assuming elasticity are found 

during two different solutions.  The solutions are then compared to find the ratio between 

the maximum moment resulting from an elastic assumption and the moment resulting 

from a plastic assumption. 

6.3. Results 

6.3.1. Experimental results  

A total of 59 whole rib section tests were performed in dynamic three point 

testing.  The primary purpose of this section is to generate data for the ribs that can be 

compared to the results of the small specimen data and to explore the importance of 

assuming plasticity of ribs to determine the peak stresses in future tests of rib bone.  To 

this end, the in situ strain gages, impact forces, cross sectional geometry data, and 

calculated stresses are useful.  Given that rib sections were taken from each of the four 
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cadavers at a range of anatomical locations, there is a wealth of test data that can be used 

to validate individual ribs in a model. 

Of particular interest is the series of whole rib tests done with strain gage rosettes.  

The original test plan called for single axis strain gages.  It was decided that the direction 

of the principal strain should be quantified to ensure that it is along the long axis of the 

rib.  Therefore, data from the series of tests with the rosettes was analyzed to calculate the 

principal strains and the angle from the long axis that these stains act along.  In all of the 

tests, the results from the rosettes indicated that the principal strains run exactly along the 

long axis of the ribs with the angle of strain being less than two degrees in most cases 

(Cormier, 2003).  From this analysis, it was shown that single axis strain gages would be 

effective for determining the principal strains for the remainder of the tests.   

Another interesting finding from the whole rib tests was the integrity of the 

periosteum surrounding the ribs.  In many of the rib fracture tests, the cortical bone 

would fail corresponding to a drop in the load, but the periosteum would continue to 

provide structural stability to the rib around the fracture location.  Based on research with 

other bones, the effect of periosteum on the response of the rib may be greater than its 

effect on the strength of other long bones such as the femur.  This finding indicates that a 

more detailed analysis of the periosteum should be considered.  

The strain rates for the rib tests ranged from 0.6 to 5.0 strains/s.  As with the small 

rib section tests, these dynamic loading rates make the rib data more useful for dynamic 

automobile safety application.  The peak data responses are given for force, strain, stress, 

and modulus, as well as the area moment of inertia for the tests (see Table 6.1, Table 6.2, 

Table 6.3, Table 6.4).  In addition, high-speed video of each test confirmed the type of 

fracture, and whether the fracture occurred at the site of strain gage attachment.  The 

elastic moduli are calculated using the peak strain and the peak stress calculated for each 

test.  Because the response of the rib was not linear between the onset of the load and the 

time that the rib broke, a straight line fit was assumed between the zero stress/strain point 

and the peak stress/strain.  Any time that the modulus value fell more than three standard 

deviations outside of the mean modulus, it was assumed that the calculated modulus was 
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incorrect.  This resulted in leaving specimen 05P from cadaver 1 out of the calculations, 

as well as 03A and 05P from cadaver 4.  Doing this significantly improved the results for 

the posterior and anterior specimens for the modulus results. 

Table 6.1. Rib section bending results from cadaver 1 

 

Force 
(N) 

Strain 
(%) 

Ixx 
(mm4) 

 σmax 
(MPa) 

E 
(GPa) 

02l 104 0.49 65.3 79.0 42.93 
03a 166 0.86 57.8 136.0 24.92 
03p 221 2.02 78.2 132.2 6.52 
04p 177 0.31 61.5 171.6  
05a 155 0.49 94.4 85.6 21.24 
05p 203 1.09 123.1 135.6 12.92 
06a 249 1.08 118.7 134.8 14.58 
06p 330 1.09 160.6 160.1 11.31 
07a 243 1.29 93.7 164.7 53.51 
07p 327 2.47 140.9 156.3 35.72 
08l 239 1.83 79.9 200.3 31.59 
09l 188 1.81 66.2 183.4 25.57 
10l 199 1.57 68.5 195.5 11.47 
11p 228 0.92    

 

Table 6.2. Rib section bending results from cadaver 2 

 

Force 
(N) 

Strain 
(%) 

Ixx 
(mm4) 

 σmax
(MPa)

E 
(GPa)

02l 46 1.65 14.7 71.2 16.62 
03p 96 0.72 27.2 109.9 18.97 
04a 39 0.32 30.5 48.3 18.92 
04p 112 0.66 70.4 80.4 16.1 
05a 65 0.60 31.8 74.6 19.7 
05p 185 1.23 62.3 126.2 19.86 
06a 81 0.71 36.0 78.9 12.46 
06p 175 2.17 37.6 168.1 16.88 
07a 65 0.42 38.2 59.3 20.93 
07p 187 2.11 39.2 175.7 16.86 
08l 67 0.80 36.5 90.8 14.72 
09l 77 0.84 38.1 94.9 31.39 
10l 68 0.70 23.2 112.9 45.34 
11p 79 1.86 16.6 144.7 14.68 
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Table 6.3. Rib section bending results from cadaver 3 

 

Force 
(N) 

Strain 
(%) 

Ixx 
(mm4) 

 σmax 
(MPa) 

E 
(GPa) 

02l 93 0.55 84.6 54.3 10.7 
03a 83 0.63   17.15 
03p 291 1.20 108.1 152.7 21.9 
04a 56 0.63 84.4 32.8 16.34 
04p 328 1.61 121.0 191.8 14.95 
05a 86 0.61 84.8 56.6 15.48 
05p 221 0.86 118.1 109.9 11.02 
06a 122 0.54 126.2 52.1 13.15 
06p 344 2.14 230.7 117.5 12.63 
07a 118 0.80 86.2 69.8 14.88 
07p 272 1.29 175.1 112.2 15.7 
08l 151 0.99 91.8 111.5 19.97 
09l 213 1.24 71.5 138.7 22.17 
10l 199 2.07 42.0 178.0 10.7 

 

Table 6.4. Rib section bending results from cadaver 4 

 

Force 
(N) 

Strain 
(%) 

Ixx 
(mm4) 

 σmax
(MPa)

E 
(GPa)

02l 98 1.05 46.5 77.5 15.95 
03a 130 0.40 48.3 111.6  
03p 161 1.80 35.2 138.1 26.22 
04a 108 0.44 80.3 49.3 11.68 
04p 241 1.15 77.6 137.2 13.58 
05a 167 0.58 129.0 55.1 13.07 
05p 265 0.36 110.6 130.9 36.88 
06a 100 0.37 75.2 55.0 11.43 
06p 207 1.92    
07a 169 0.65 102.4 67.2 12.1 
07p 232 1.27    
08l 176 1.29 67.2 148.1 28.89 
09l 203 0.89 80.0 133.5 20.57 
10l 215 3.50 66.4 161.6 19.1 
11p 212 2.84 44.6 167.8 18.06 
12p 85 0.82 18.9 95.0 23.36 

A table of the peak stresses from the rib tests reveals an average peak stress for 

the anterior stresses lower than the lateral and posterior specimens (Table 6.5).  The 
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moduli also follow this trend, as the peak moduli for the anterior specimens are slightly 

lower than the lateral and posterior specimens.  The strain in the anterior specimens is 

lower than that obtained in the lateral and posterior specimens.  These results are 

presented graphically as well (Figure 6.5, Figure 6.6, Figure 6.7). 

Table 6.5. Peak stress, modulus, and strain and 
standard deviations from the whole rib tests 

 Peak Stress
(MPa) 

Modulus 
(GPa) 

Strain 
(unitless) 

Mean 
Anterior 76.2 ± 37.0 18.44 ± 10.38 0.0065 ± 0.0026 

Mean 
Lateral 127.0 ± 47.3 23.29 ± 10.35 0.0133 ± 0.0075 

Mean 
Posterior 135.8 ± 31.2 19.95± 11.94 0.0140 ± 0.0066 

 

135.8127.0

76.2

0

40

80

120

160

200

Mean Anterior Mean Lateral Mean Posterior

Anatomical Position

M
ax

 S
tre

ss
 (M

Pa
)

 
 

Figure 6.5. Average maximum stress for anterior, lateral, and posterior rib specimens 
calculated using Mc/I method 
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Figure 6.6. Average modulus for anterior, lateral, and posterior rib specimens calculated 

from slope using peak strain and peak calculated stress 
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Figure 6.7. Average failure strain for anterior, lateral, and 
posterior rib specimens obtained from attached strain gage 

6.3.2. Computational results 

The results of the data processing from all of the digitized cross sections are 

presented (Table 6.6).  The average ratio as calculated is approximately 2.24 across all 

cadavers, but varies from 2.847 for cadaver 1 to 1.7074 for cadaver 3.  The standard 

deviations are on average 66% of the mean for the entire dataset.  This means that the 

ratio is highly irregular and can probably not be used uniformly to modify peak stresses 

for all rib testing. 
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Table 6.6. Average ratio of peak stress calculated using Mc/I method to peak stress 
calculated assuming plasticity, with η=1, γ=0.31, and Etan= 0.2E for specimens tested 

 Average 
Ratio 

Standard 
Deviation 
of Ratio 

Overall 2.2417 1.4809 
1 2.8470 1.7144 
2 2.3225 1.7176 
3 1.7074 0.7509 
4 2.1325 1.4534 
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Figure 6.8. Ratio between peak stress assuming linear elasticity versus assumed plasticity 

for cross sectional geometries in ribs for the 4 cadavers tested 

Additionally, for one specimen, the normalized stress distribution was calculated 

for three separate assumptions of η and two assumptions for γ (Table 6.7).  The results 

assume a tangent modulus that is 20% of the elastic modulus for the specimen.  The entry 

corresponding to the analysis of all specimens is η=1 and γ=0.31. The graphs are mainly 

intended to be informative, and show the local stress distribution at the point of 

application of a load in the cross section of the rib.  The normalized moment distribution 

is also shown (Table 6.8).  The graphics show the distribution in the cross section, and 

how the majority of the moment is borne by the thickest portions of the bone, which also 

happen to be in the plastic region no matter what the assumption for η.   
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Table 6.7. Normalized stress distribution for specimen number  
R09L from Cadaver 2 for several different η and γ assumptions.  

x-axis is normalized stress, (+1) is peak tensile stress, (-1) is the peak compressive stress 
y-axis is normalized thickness, (+1) is tensile surface and (-1) is compressive surface 
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Table 6.8.  Normalized moment distribution for specimen  
number R09L from Cadaver 2 for several different η and γ assumptions. 

x-axis is normalized moment,  
(+1) is peak tensile moment, (-1) is the peak compressive moment 

y-axis is normalized thickness, (+1) is tensile surface and (-1) is compressive surface 

 γ=0.31 γ=1.00 
η 

=1
.0

0 

-1.0

-0.5

0.0

0.5

1.0

-1.0 -0.5 0.0 0.5 1.0
-1.0

-0.5

0.0

0.5

1.0

-1.0 -0.5 0.0 0.5 1.0  

η 
=1

.5
 

-1.0

-0.5

0.0

0.5

1.0

-1.0 -0.5 0.0 0.5 1.0
-1.0

-0.5

0.0

0.5

1.0

-1.0 -0.5 0.0 0.5 1.0  

η 
=2

.0
 

-1.0

-0.5

0.0

0.5

1.0

-1.0 -0.5 0.0 0.5 1.0
-1.0

-0.5

0.0

0.5

1.0

-1.0 -0.5 0.0 0.5 1.0  
 

6.4. Discussion 

The results of the rib tests do not follow the trends found in the small specimen 

tests.  The anterior stress of 76.2 MPa for the anterior specimens is the lowest of the three 

locations for the rib tests, but is still lower than the 116.7 MPa calculated from the small 

specimen tests.  The mean lateral stress from the rib tests is 127.0 MPa, while the mean 

stress from lateral small specimens is 153.5 MPa.  The mean posterior stress (135.8 MPa) 

is the closest to its small specimen counterpart of 127.7 MPa.  The moduli from the rib 

tests are at a higher level than the small specimen tests, but the rib tests show a similar  

trend of having lower stiffness in the anterior than the lateral and posterior specimens.  

The peak strains from the rib tests are lower for the anterior specimen tests, or 0.0063% 

versus 0.0133% and 0.014% for the lateral and posterior specimens. 
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The results of the computational analysis to determine the ratio between the peak 

stress calculated using elastic beam theory and the peak stress calculated incorporating an 

assumption of plasticity are informative, but probably do not apply except in the area of 

application of the load.  The analysis has several major assumptions that probably make it 

incorrect.  The first of these is the assumption that the cross sectional area is continuous 

in a given rib specimen.  This is obviously not true for all of the ribs tested, because of 

anatomical variation in the ribs.  The second of these is the assumption in previous 

literature that the radius of curvature stays relatively continuous during loading of the rib.  

This is true up to a point, but eventually the ribs tend to bend into a ‘V’ shape and 

therefore plastic zones form on the tensile and compressive surfaces around the impactor 

region. Based on this, the assumption that the rib becomes plastic all along the tensile 

surface cannot be supported.  This means that the overall force-deflection characteristics 

may not demonstrate signs of plasticity.  There is a representative force-deflection curve 

of a human rib presented by Yoganandan (1998) that supports this.  Also, the method 

used by Yoganandan to determine elastic modulus uses mechanics of material equations 

that assume elastic behavior, and these seem to give results that are in line with the small 

specimen data presented here.  The force-deflection and stress-strain curves obtained in 

the small specimen tests in general do show signs of plastic deformation, but the rib 

specimens do not.  This provides further evidence that plasticity may be important in the 

deformation of whole bones, but it is not manifested in whole bone tests by looking at the 

force-displacement response, because local plastic zones develop. 

The location of rib specimens also does not match up exactly with the location of 

the small specimens.  Small cortical bone specimens from the anterior ribs were taken 4-5 

centimeters from the interface between the cartilage in the front of the chest and the 

anterior ribs.  The rib specimens were chosen so as to provide over 7 cm of span width, 

and curvature of the ribs was minimalized.  This resulted in locations of anterior, lateral, 

and posterior rib specimens that differed fundamentally from the locations of anterior, 

lateral, and posterior small cortical bone specimens.  The small bone specimens may be 

viewed as occurring at the ends of the bone samples taken for rib testing, in the case of 

ribs 4-7, and in the center of the lateral ribs when the samples existed, for ribs 1-3 and 8-

10, and in the center of posterior specimens of ribs.   
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If the calculated ratios were implemented, the average stresses of 76.2, 127.0, and 

135.8 would be divided by ratios of around 2.24.  This would suggest that the peak 

stresses should be so low as to disagree with every form of literature on bone 

biomechanics and rib bone biomechanics.  Thus, the results of calculating a plasticity 

ratio provide further evidence that though the bone may be plastically deforming, the 

phenomenon is local and is something that will be calculated by the analytical approach 

employed here, but perhaps not observed in practice.  Finite element analysis may be 

expected to better show plasticity of the bone and demonstrate the applicability of this 

phenomenon to localized deformation of bone and bone fracture mechanics. 

6.5. Conclusions 

From the current study, it can be concluded that plasticity does not have a 

significant effect on the peak stress determined by three-point bending of human ribs.  

This is not entirely unexpected.  There are many assumptions that might be expected to 

confound the computational study.  Failure did not always occur at the location of the 

strain gage, and the analysis assumes that the cross section is similar throughout the 

length of the rib, to the moment of inertia near the break.  This study does not show that 

plasticity is not important, merely that the effects of it are not measurable when testing 

rib sections of the length tested.   
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7. Summary 

The focus of this dissertation is regional variation in the material properties of rib 

cortical bone.  This finding is important because the methodology used to determine these 

results differs from previous studies, which have investigated only short whole rib 

sections from specific locations on the thorax.  This summary contains the major 

contributions this work has to the field and overall conclusions from the study. 

7.1. Major contributions to field 

7.1.1. Utilization of a mechanism for obtaining localized material properties for 
input into a finite element model of the thorax 

The methodology used to obtain material properties for the cortical bone in the 

ribs has not been previously reported in the literature.  The machining of cortical bone 

samples into coupons for material testing has enabled the identification of regional 

variation in the material properties of the ribs.  There is variation in the data, but this 

variation in the peak stresses, stiffness, and strain is on par with previous studies of 

cortical bone from other regions of the body such as the femur.  This is an encouraging 

result, because the bone from the ribs is of lower thickness, greater curvature, and lesser 

quality than other long bones of the body and is not as easily machined into specimens 

for material testing. 

7.1.2. Local variation in material properties significantly affects the fracture 
prediction capability of computer codes.   

The ‘global’ biofidelity standards (global force-displacement of the thorax under a 

given load) applied to computer models, are probably insufficient to determine the 

biofidelity of thoracic models for fracture prediction.  It is a bit more difficult to count rib 

fractures in practice than it is to measure global force-displacement of the thorax, but this 

is where the industry is headed.  There is a trend towards improving local fracture 

prediction and being able to better predict localized soft tissue injury.  It will become 

important, then, that the hard tissues protecting the internal organs and vessels give very 

accurate localized response.  This dissertation includes an initial effort to incorporate the 
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regional variation determined for the thorax into a commercial thorax model, the 

THUMS.  The results from the THUMS indicate that there is a notable change in the 

fractures predicted by the model when this is done.  This can probably not be ignored in 

future models of the thorax.  In the current study, the material properties have been varied 

only in terms of anterior, lateral, and posterior location on the thorax, and not by rib level. 

But the results indicate that incorporating these variations creates an alteration in rib 

fracture numbers and patterns. 

7.1.3. Sensitivity studies of the number of rib fractures vs. plastic failure strain 
for the rib cortical bone model improve when the material properties are 
varied by location 

The original THUMS model was validated to predict the correct number of rib 

fractures by altering the material properties and failure strain of the model.  This resulted 

in ribs with very low stiffness and ultimate stress.  However, the number of rib fractures 

was correct and the global force-displacement was correct.  The implication for this is 

that these things may be right and the rib cage may predict rib fractures correctly and 

deform correctly.  However, rib deflection is a product of the underlying tissues and the 

soft tissues of the thorax, as well as other variables.  When the internal organs and soft 

tissues are not modeled and the soft tissues are represented by a large mass designed to 

approximate them, the properties of this mass are also altered to make the force-

deflection characteristics of the chest correct.  Presumably it should be possible to get one 

objective correct, but not the other, if the initial assumptions being made are incorrect.  In 

this dissertation, an effort is made to generate the rib material properties from material 

testing and previous biomechanical data and look at the response of the thorax.  A 

sensitivity study is performed to look at the number of rib fractures due to impact with a 

high speed blunt impactor for both the original THUMS, generated with updated 

biomechanical data but no regional variation, and the modified THUMS, with the 

regional variation incorporated.  The modified THUMS shows better variation in the 

number of rib fractures achieved with increasing failure strain.  This relationship is 

monotonically decreasing with increasing failure strain for lateral impacts over 0.8% 

plastic failure strain, and results for frontal impacts are not as positive with some 

variation at 1.2% plastic failure strain, but still improved over the original THUMS.  The 
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original THUMS is very erratic in its response, indicating that modifying it for changes 

with age will be nearly impossible in its current state.   

7.2. Conclusions 

This dissertation presents the results of dynamic material tests and computational 

modeling to explore the effects of regional rib mechanical properties on thoracic fracture 

patterns.  A total of 80 experiments were done using small cortical bone samples from 23 

separate locations on the rib cages of four cadavers (2 male, 2 female).  Each specimen 

was subjected to dynamic three-point bending resulting in an average strain rate of 5 ± 

1.5 strain/s.  Test coupon modeling was used to verify the test setup.  Regional variation 

was defined by location as anterior, lateral, or posterior as well as by rib level 1 through 

12.  The specimen stiffness and ultimate stress and strain were analyzed by location and 

rib level.  Second, these material properties were incorporated into a human body 

computational model.  The rib cage was partitioned into anterior, lateral, and posterior 

segments and the material properties were varied by location using an elastic-plastic 

material model.  A total of 12 simulations with a rigid impactor were performed 

including 2 separate material assumptions, original and modified rib properties for 

regional variations, 3 separate impactor velocities, and 2 directions, anterior and lateral.  

The data from the material tests for all subjects indicate a statistically significant increase 

in the average stiffness and average ultimate stress for the cortical bone specimens 

located in the lateral (11.9 GPa modulus, 153.5 MPa ultimate stress) portion of the ribs 

versus the anterior (7.51 GPa, 116.7 MPa) and posterior (10.7 GPa, 127.7 MPa) rib 

locations.  In addition, the stiffness, ultimate stress, and ultimate strain for all subjects are 

significantly different by rib level with each variable generally increasing with increasing 

rib number.  The results from the computational modeling for both frontal and lateral 

impacts illustrate that the location and number of rib fractures are altered by the inclusion 

of rib material properties that vary by region.  A sensitivity analysis of the effects of 

altering the failure strain criteria on the number of rib fractures predicted has also been 

performed.  This analysis reveals improved sensitivity of the modified THUMS model 

versus the original THUMS model for failure strains from 0.8 to 1.8%.  While the 

original THUMS model predicts oscillating numbers of rib fractures for both frontal and 
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lateral impacts with monotonically increasing failure strain, the modified THUMS model 

predicts a monotonic decrease in the number of rib fractures with monotonically 

increasing failure strain.  This is true for lateral impacts and for frontal impacts except at 

1.2% plastic failure strain.  However, for the original THUMS model neither prediction 

matches that obtained using the compression criteria for the same model for the range of 

failure strains tested.  Both models, however, match their compressive counterparts for a 

plastic failure strain between 1.6 and 1.8%.  This is a result that makes the model more 

stable, and suitable for incorporation of a material property vs. age relationship that will 

result in improved prediction of fractures for the elderly population.  The results from the 

small specimen tests are compared to results obtained for three-point bending of whole 

human rib sections.  The trends found in the small specimen tests for anterior vs. lateral 

vs. posterior specimens are similar to those obtained for the whole rib tests, indicating 

that the effect of geometry is important, but does not make up for the difference obtained 

using localized properties. 

 



 

 124

8. Appendices 

8.1. Scripting used to process rib cross section images for cross sectional area 
property determination 

The following general script was employed in Jasc Image Robot (Jasc Inc., Eden 

Prairie, Minnesota) to process the rib cross section images to turn them black and white.  

A standardized approach must be used for this in order to compare to future data.  

Therefore, the settings from Jasc Image Robot used to process the image data.  

Script 1 was used to process the majority of the images.  Images were processed 

with this script, which enabled accurate determination of the ratio between peak stress 

assuming elastic properties and peak stress assuming 0.31 ratio between yield strain and 

ultimate strain. 

 
Script 1: 
Crop picture (to get rid of image information not including rib cross section 
Color replacement (red/green -> black) (helps to get rid of cancellous bone) 
Negative image (changes cortical bone to black color, with background white) 
Change to 2 colors (makes all pixels either black or white using a default threshold) 
Greyscale (doesn’t change appearance of image but allows some Image Robot commands 
to work) 
Despeckle x10 (gets rid of random dots in picture) 
Dilate (thins out image to make it look more like cortical bone in picture) 
 

8.2. Matlab scripting used to determine cross sectional area moment of inertia 
for rib specimens 

The following code was used to determine the location of the centroid for a given 

area, and also to calculate the area moment of inertia for a rib cross section and other data.  

The commented code is included here for reference. 
% Load black & white image file
image=imread('filename.bmp');
% Designate image matrix as variable bw
bw = double(image);
% Define dimensions of bw
[row , col] = size(bw);
% Determine total area of white region (white region is 1's)
area = sum(sum(bw));
% enter unit conversion number in mm or inches per pixel (preferably mm)
unit = 1/15; %%%% 15 PIXELS PER MM
% Determination of ybar
momy = 0;
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Ixx = 0;
for i = row:-1:1

momy = momy + (row - i + 0.5)*sum(bw(i,:));
end
ybar = momy/area;
% Determination of xbar
momx = 0;
Iyy = 0;
cl = 0;
cap = 0;
for i = 1:col

momx = momx + (i-0.5)*sum(bw(:,i));
end
xbar = momx/area;
%Calculate area moment of inertia around horizontal axis
for i = row:-1:1

Iyy = Iyy + ((row - i + 0.5)-ybar)^2*sum(bw(i,:)); % I = m * (distance from
centroid)^2
end
%Calculate area moment of interia around vertical axis and 'c' values of vertical axis
for i = 1:col

Ixx = Ixx + ((i-0.5)-xbar)^2*sum(bw(:,i)); % I = m * (distance from centroid)^2
pp = 0;
if sum(bw(:,i)) > 0

pp = 1;
end
%calculate distance from posterior-most side to center of mass
vap = (xbar - i) * pp;
if vap > cap

cap = vap;
end
%calculate distance from anterior-most side to center of mass
vl = (i - xbar) * pp;
if vl > cl

cl = vl;
end

end
% Determination of Ixy
Ixy = 0;
for i = 1:row;

for j = 1:col;
Ixy = Ixy + bw(row-i+1,j)*(i - 0.5)*(j-0.5);

end
end
% Output
area
xbar
ybar
area_s = area*unit^2
xbar_s = xbar*unit
ybar_s = ybar*unit
Ixx_s = Ixx*unit^4
Iyy_s = Iyy*unit^4
cl_s = cl * unit
cap_s = cap * unit 
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8.3. Excel codes used to determine maximum plastic or elastic strain for a given 
cross sectional rib geometry 

The codes from the excel spreadsheet are revealed so that a similar spreadsheet 

may be programmed if needed.  However, the basic requirements of the spreadsheet are 

simply to solve the constraint equations for a statically indeterminate beam of arbitrary 

cross section.  In doing so, a ratio between the maximum tensile yield stress obtained by 

assuming elastic behavior to that obtained by assuming plastic behavior, can be 

determined.  
 A B C D 
1 cn is the better one    
2 =MAX(C16:C200)/2 half total area   
3 =MAX(A16:A216) number of buckets   
4 =I10*2/A3 max slope?   
5 =(A3+1)/2 halfway position   
6 =A9*A8 total area, mm^2   
7 =SQRT(A8) dx, mm   
8 =1/15*1/15 dA, mm^2   
9 =MAX(C16:C216) total pixels   
10 the pink ones, the 

solver adjusts during a 
calculation! 

   

11 the green ones, I enter    
12 the yellow ones, 

calculated. can't 
change… 

   

15 dist n pixels running total position 
16 1 3 =B16 =IF(A16>0,A16-

$A$5,0) 
17 =IF(B17>0,IF(SUM(B1

8:B20)>=0,A16+1,0),0) 
29 =IF(A17>0,SU

M(C16,B17),0) 
=IF(A17>0,A17-
$A$5,0) 

 
 E F G 
1  =1/(M16-0)/(I10-0) 0.00049499434177318 
2   504.148709484305 
3   0.04 
4    
5    
6 ref value  eta 
7 2.146  1 
8 ref value  gamma 
9 0.31 0->1 0.31 
14   stress 
15  strain tp 
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 E F G 
16 =IF(A16>0,$A$3-

A16+1,0) 
=IF(A16=0,0,IF(A16=$A$3,$I$10,$I
$10-$G$1*(E17))) 

=IF(F16>=$K$7,$G$2,0) 

17 =IF(A17>0,$A$3-
A17+1,0) 

=IF(A17=0,0,IF(A17=$A$3,$I$10,$I
$10-$G$1*(E18))) 

=IF(F17>=$K$7,$G$2,0) 

 
 H I J 
1 min e slope assume a strain 

slope! 
 

2 sigyt   
3 neutral axis shift   
4 tension tension compress 
5 plastic elastic elastic 
6  MPa  
7 sigyt =G2 epsyt 
8 sigyc =-G2*G7 epsyc 
9 eyield =I10*G9  
10 emax 0.0204  
13   make this ZERO! 
14 stress stress  
15 ce, te cp  
16 =IF(AND(F16<$K$7,F16>$K$8),$

M$5*F16,0) 
=IF(F16<=$K$8,$
I$8,0) 

=IF(A16=0,0,IF(G16=0,IF(I16=0,
1+J17,0),0)) 

17 =IF(AND(F17<$K$7,F17>$K$8),$
M$5*F17,0) 

=IF(F17<=$K$8,$
I$8,0) 

=IF(A17=0,0,IF(G17=0,IF(I17=0,
1+J18,0),0)) 

 
 K L M N 
1   =G2 max elastic stress 
2  =MIN(H16:H216) =I8 min elastic stress 
3   =K7 max elastic strain 
4 compress  =K8 min elastic strain 
5 plastic  =(M1-M2)/(M3-M4) M slope of stress 

strain curve 
6  ref values =(M1-

M2)/(MAX(J16:J216)+1) 
step for stress 
increment 

7 =I10*G9 0.0041   
8 =-K7*G7 -0.0088 shift =SUM(Q16:Q216) 
9    =N10-N11 
10    -1000 
11    =SUM(T16:T216) 
12 MPa Newtons   
13  =SUM(L16:L216)   
14 stress sum dist  
15 all force mm moment 
16 =SUM(G16:I16) =K16*B16*$A$8 =ABS(D16)*$A$7  
17 =SUM(G17:I17) =K17*B17*$A$8 =ABS(D17)*$A$7  

 
 O P Q 
9 difference   
10 target moment   
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 O P Q 
11 sum moment   
12 neutral axis for moment   
13 locate locate  
14 force geom.  
15 center center  
16 =IF(AND(L16>=0,A16>0),1,0) =IF(A16=$A$5,0.5,IF(A16<$A$5,0,1)) =O16-P16 
17 =IF(AND(L17>=0,A17>0),1,0) =IF(A17=$A$5,0.5,IF(A17<$A$5,0,1)) =O17-P17 

 
 R S T 
12   moment 
13   about 
14  new dist neutral 
15  mm axis 
16 =IF(A16>0,(D16)*$A$7+$A$7*$N$8+$G$3,0) =ABS(R16) =L16*S16 
17 =IF(A17>0,(D17)*$A$7+$A$7*$N$8+$G$3,0) =ABS(R17) =L17*S17 

8.4. Table of frontal impactor tests and compression achieved for various 
authors 

Table 8.1. Compression and number of rib fractures for frontal  
compression blunt impactor tests compiled by Kent (2002) 

Maximum 
Compression 

Number  
of Rib 

Fractures 

Age of
cadaver

Source 
of data 

Year 
of 

source
Notes 

32.10% 0 61 Viano 1978 Blunt Impactor 
18.50% 0 75 Viano 1978 Blunt Impactor 
19.40% 0 54 Viano 1978 Blunt Impactor 
37.70% 0 60 Viano 1978 Blunt Impactor 
39.70% 0 69 Viano 1978 Blunt Impactor 
25.70% 3 75 Viano 1978 Blunt Impactor 
31.00% 3 52 Viano 1978 Blunt Impactor 
39.40% 3 65 Viano 1978 Blunt Impactor 
37.30% 4 53 Viano 1978 Blunt Impactor 
39.00% 4 68 Viano 1978 Blunt Impactor 
37.10% 6 72 Viano 1978 Blunt Impactor 
43.50% 6 76 Viano 1978 Blunt Impactor 
32.80% 6 48 Viano 1978 Blunt Impactor 
35.00% 6 66 Viano 1978 Blunt Impactor 
40.70% 7 49 Viano 1978 Blunt Impactor 
32.90% 9 59 Viano 1978 Blunt Impactor 
26.90% 9 66 Viano 1978 Blunt Impactor 
39.30% 9 80 Viano 1978 Blunt Impactor 
48.60% 9 65 Viano 1978 Blunt Impactor 
31.50% 10 64 Viano 1978 Blunt Impactor 
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Maximum 
Compression 

Number  
of Rib 

Fractures 

Age of
cadaver

Source 
of data 

Year 
of 

source
Notes 

39.50% 10 65 Viano 1978 Blunt Impactor 
37.00% 10 69 Viano 1978 Blunt Impactor 
43.10% 10 66 Viano 1978 Blunt Impactor 
45.90% 11 51 Viano 1978 Blunt Impactor 
32.50% 11 83 Viano 1978 Blunt Impactor 
44.70% 11 64 Viano 1978 Blunt Impactor 
41.80% 11 58 Viano 1978 Blunt Impactor 
44.40% 12 81 Viano 1978 Blunt Impactor 
45.80% 13 75 Viano 1978 Blunt Impactor 
42.00% 14 67 Viano 1978 Blunt Impactor 
42.50% 16 65 Viano 1978 Blunt Impactor 
28.90% 17 60 Viano 1978 Blunt Impactor 

(a)  number not recorded, number of fractures is that required to generate reported AIS. 
(b)  average for a given set of test conditions 
 

8.5. Table of lateral impactor tests and compression achieved for various 
authors 

Table 8.2. Compression and number of rib fractures for lateral 
compression blunt impactor tests compiled by Kent (2002) 

Maximum 
Compression 

Number  
of Rib 

Fractures 

Age of
cadaver

Source 
of data 

Year 
of 

source
Notes 

29.50% 2 60 Cavanaugh 1990 . 
21.30% 3 54 Cavanaugh 1990 . 
65.10% 8 37 Cavanaugh 1990 (a) 
33.00% 8 69 Cavanaugh 1990 (a) 
38.00% 8 67 Cavanaugh 1990 (a) 
42.30% 8 60 Cavanaugh 1990 (a) 
41.20% 8 66 Cavanaugh 1990 (a) 
63.00% 8 64 Cavanaugh 1990 (a) 
45.60% 8 61 Cavanaugh 1990 (a) 
54.60% 8 68 Cavanaugh 1990 (a) 
51.00% 0 43 Cavanaugh 1993 Soft 
44.00% 2 65 Cavanaugh 1993 Soft 
37.00% 3 54 Cavanaugh 1993 Soft 
38.00% 5 60 Cavanaugh 1993 Soft 
46.00% 13 60 Cavanaugh 1993 Unpadded 
42.00% 16 66 Cavanaugh 1993 Unpadded 
37.00% 18 62 Cavanaugh 1993 Soft 
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Maximum 
Compression 

Number  
of Rib 

Fractures 

Age of
cadaver

Source 
of data 

Year 
of 

source
Notes 

46.00% 18 60 Cavanaugh 1993 Stiff 
41.00% 20 67 Cavanaugh 1993 Unpadded 
51.00% 22 69 Cavanaugh 1993 Unpadded 
48.00% 24 37 Cavanaugh 1993 Unpadded 
61.00% 24 64 Cavanaugh 1993 Unpadded 
58.00% 25 68 Cavanaugh 1993 Stiff 
59.00% 26 58 Cavanaugh 1993 Stiff 
83.00% 31 60 Cavanaugh 1993 Unpadded 
56.00% 34 61 Cavanaugh 1993 Stiff 
59.00% 35 64 Cavanaugh 1993 Unpadded 
30.80% 4 54 Chung 1999 . 
27.40% 10 45 Chung 1999 . 
33.70% 11 79 Chung 1999 . 
59.70% 15 60 Chung 1999 . 
36.40% 15 71 Chung 1999 . 
52.60% 17 52 Chung 1999 . 
13.00% 0 N/A Sacreste 1982 Rigid 
23.00% 0 N/A Sacreste 1982 Rigid 
36.00% 0 N/A Sacreste 1982 Reconstruction 
22.00% 1 N/A Sacreste 1982 Rigid 
23.00% 3 N/A Sacreste 1982 Reconstruction 
27.00% 4 N/A Sacreste 1982 Padded 
30.00% 4 N/A Sacreste 1982 Padded 
22.00% 5 N/A Sacreste 1982 Rigid 
27.00% 5 N/A Sacreste 1982 Reconstruction 
37.00% 5 N/A Sacreste 1982 Reconstruction 
17.00% 6 N/A Sacreste 1982 Padded 
29.00% 7 N/A Sacreste 1982 Padded 
18.00% 8 N/A Sacreste 1982 Padded 
39.00% 8 N/A Sacreste 1982 Padded 
54.00% 11 N/A Sacreste 1982 Padded 
59.00% 12 N/A Sacreste 1982 Padded 
46.00% 13 N/A Sacreste 1982 Rigid 
51.00% 13 N/A Sacreste 1982 Padded 
35.00% 14 N/A Sacreste 1982 Rigid 
45.00% 16 N/A Sacreste 1982 Reconstruction 
65.00% 20 N/A Sacreste 1982 Reconstruction 
21.10% 0 27 Tao 1992 Rigid 
9.40% 0 24 Tao 1992 Rigid 
39.90% 0 21 Tao 1992 Padded 
43.00% 0 29 Tao 1992 Padded 
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Maximum 
Compression 

Number  
of Rib 

Fractures 

Age of
cadaver

Source 
of data 

Year 
of 

source
Notes 

12.90% 0 43 Tao 1992 Padded 
18.60% 0 45 Tao 1992 Car door 
15.80% 2 18 Tao 1992 Rigid 
12.30% 3 60 Tao 1992 Rigid 
36.00% 4 33 Tao 1992 Padded 
35.30% 6 38 Tao 1992 Rigid 
38.20% 7 47 Tao 1992 Rigid 
48.30% 8 41 Tao 1992 Padded 
45.10% 9 28 Tao 1992 Rigid 
36.80% 11 41 Tao 1992 Rigid 
66.70% 11 61 Tao 1992 Padded 
26.30% 12 22 Tao 1992 Rigid 
67.50% 13 48 Tao 1992 Padded 
44.30% 14 57 Tao 1992 Rigid 
33.50% 14 38 Tao 1992 Car 
54.70% 15 50 Tao 1992 Padded 
36.90% 16 56 Tao 1992 Rigid 
26.10% 0.4  Viano 1989 (b) 
34.90% 5.2  Viano 1989 (b) 
43.20% 12.7  Viano 1989 (b) 

(a)  number not recorded, number of fractures is that required to generate reported AIS. 
(b)  average for a given set of test conditions 
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