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Abstract 

There are many op1n1ons on the inj ury reducing benefit of energy-absorbing 
material for side impact protection . The obj ective of this study was to 
develop a methodology to link reductions in biomechanical responses due to 
force-limiting material to proj ections of inj ury mitigation in real-world side 
impact crashes , and to use this approach to evaluate the potential inj ury 
reducing benefit for the ehest and abdomen of crushable material in the side 
door and armrest . Using a simulation of the human impact response , a range in 
crush force was determined which eff ectively reduced a peak biomechanical 
response from that obtained with a rigid impact . The range in constant crush 
force depended on the velocity of impact . The higher the velocity of impact , 
the higher the level of crush f orce to achieve a reduction in the peak re
sponse . NCSS field accident data for car-to-car side impacts provided infor
mation on the occupant exposure and inJ ury as a function of the change in 
velocity (�V) of the struck vehicle . Based on various experimental studies , 
the velocity of the side door at contact with the occupant ' s  ehest is similar 
to the �V of the struck vehicle (about 603 of the closing speed of the stri
king vehicle) . The ehest impact velocity in the simulation was assumed equal 
to the observed �V in the NCSS data. This related the simulation data to 
real-world inj ury data.  Reductions in biomechanical response were related to 
lower inj ury risk . This enabled a calculation of a reduction in inj ured occu
pants for the velocity range in which the EA material was effective . The 
greatest reduction in seriously inj ured occupants were found with relatively 
soft EA materials that are eff ective in the lower-speed (�V = 4 - 8 m/s) 
crashes ,  wh�reas padding was negligibly effective in high-speed crashes (�V > 
10 m/s) . 

The Analytical Model 

In 1973 Lobdell (1)  published a lumped-mass model of the anteroposterior thor
acic impact response of the human thorax . He postulated a mechanical analog 
of the human ehest composed of two masses and connecting springs and dashpots ; 
and , he matched the models force-deflection resporise to blunt impact data from 
human cadaver tests . The mechanical elements in the simulation (Figure 1)  
were adj usted until the model response fell  within the low and high velocity 
f orce-thoracic def lection corridors recommended by Kroell (2) as representa
ti ve of the human biomechanical response . Physically , elasticity is derived 
from the skeletal structures and the soft tissues and viscera within the 
ehest . Damping is provided by air vented from the lungs , fluid moving through 
thoracic tissues and vessels and other energy dissipating mechanisms which are 
rate-dependent and dominate the biomechanical resistance of the ehest f or high 
velocities of impact . 
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The model was modified in this study to include a load-limiting interface on 
the impact mass and was validated by comparison with Hybrid III dummy experi
ments . It is useful for the evaluation of changes in biomechanical response 
with a range of load-limiting materials and severities of impact . Although 
this model is for frontal impact , it is one of the few analytical simulations 
of the ehest that has been thoroughly studied in a wide range of applications 
and has stood the test of time within the biomechanics community . This model 
has been used as a representative simulation of the side impact response of 
the human thorax . Recent analyses of the force-def lection response of the 
human ehest by Melvin (3) indicates that although the side impact thoracic 
response is slightly stiffer , the characteristic response and plateaus are 
very similar to that of the frontal impact response . Thus , the use of the 
modif ied Lobdell model seems to be appropriate until an equivalent lumped-mass 
simulation of the lateral thoracic impact response is available as a substi
tute in this analysis . 

Lobdell ' s  original lumped-mass model was modified by Viano (4) in 1978 to 
include the computation of kinetic energies , power , and momentum of the mas
ses , and energy stored in springs and dissipated in dashpots during deforma
tion of the ehest . More recent modifications of the original Lobdell  model 
include the f eature of scaling size of the thorax from the 95th percentile 
male through the Sth percentile f emale to the six year old child . In this 
application , the model was further modif ied to include a thickness of force
limiting and energy-absorbing material between the rigid impactor and the 
lumped-mass thoracic model .  The mechanical response of the thoracic model 
continues to possess f our degrees of freedom , but the original equations of 
motion were modif ied if the impact f orce is sufficient to crush the interface 
material , if the full thickness of the material has been crushed , or if the 
impact force falls below that required to continue crushing the interface . 

Figure 1 shows an example of the biomechanical responses obtained with the 
modified Lobdell  model .  The energy-absorbing interface crushes and limits 
force during a portion of the impact . In the example the full thickness of 
the energy-absorbing interface is crushed and there remains suff icient energy 
in the impact to increase the impact force after crush . With a crushable 
interface , there may be two impacts occurring during the simulation . The 
first is associated with the initial contact of the energy-absorbing interface 
with the ehest and the response of the ehest during crush of the energy-absor
bing material . A second impact may occur when the full crush of the energy
absorbing interf ace occurs and there is suf f icient energy to cause increases 
in the biomechanical responses of the ehest . This second impact after full 
crush of the material can produce the greatest biomechanical responses in some 
cases and in others the maximum severity occurs during the first impact . 

In this example , a 3 . 5  kN interface was selected with a 5 cm thickness . The 
impact severity is 10 m/s and the mass of the impactor is 20 kg . Force de
velops rapidly after contact with the ehest and within several milliseconds is 
limited by crush of the energy-absorbing interface . Full crush of the inter
face occurs at 16 ms . After crush of the material , force on the ehest in
creases and causes more ehest deflection . The Viscous response (VC) of the 
ehest is sensitive to the events occurring during impact . It rises to a peak 
during crush of the energy absorbing material and falls during mid-crush due 
to a reduction in the velocity of ehest compression by interface crush . After 
full crush of the EA material , the relative velocity of ehest compression 
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increases and because of the higher levels of ehest compression , the Viscous 
response reaches a maximum value during the second impact . 

The acceleration of the sternum and spine demonstrate more of the dynamics of 
the ehest response with an EA interface . In this example , the maximum sternal 
acceleration occurs during the initial contact with the EA material , j ust 
about the time that crush is initiated . During crush of the material , the 
sternal acceleration is controlled by the force-limiting interface until the 
material has bottomed and a second impact causes another spike . The second 
spike has a longer duration but is slightly lower in magnitude than the first 
peak . The spinal acceleration response is removed from the sternal dynamics 
and demonstrates a much smoother response . 

Model Validation 

The modif  ied Lobdell model was validated by a series of ehest impacts to the 
Hybrid III dummy . In these tests , an energy-absorbing interface was placed 
behind a light-weight (< . 2  kg) wooden interface with a 15 . 2  cm diameter . The 
results from the Hybrid III dummy tests demonstrate responses and trends iden
tical to those obtained with the model .  In particular , the Viscous response 
in the dummy showed the f irst and second impact responses during and after 
crush of the EA interf ace j ust as predicted by the analytical simulation . In 
these tests at 6 . 7  m/s with a 23 kg impacting mass , the average difference 
between the predicted and experimentally obtained peak Viscous response was 
below 103 for the range of 1 . 8  - 4 . 6  kN crushable interface investigated and 
adds credence to the predictions obtained from the analytical model . 

Parameter Study Conducted 

The Viscous responses shown in Figure 2 for the 10 m/s impact severity and 5 
cm thickness are for a range of constant crush-force EA interfaces . This 
superpos ition of Viscous responses demonstrates the shift in peak value from 
the first to second impact as the crush force of the material is reduced . For 
very stiff materials , those above 6 kN , the interface is so stiff that it acts 
as a rigid interface . There is no crush of the energy-absorbing interface 
occurring during impact because the contact f orce is below the crush force of 
6 kN .  However , as the EA interface is reduced in crush force , there is a 
reduction in Viscous response from crush and energy absorption by the inter
face . At a force of 4 kN , full crush of the interface occurs . If the crush 
force is further reduced in value , less energy is absorbed by crush of the 
interf ace and thus the greater rema1n1ng energy in the impactor causes an 
increase in the Viscous response . In this case , the increase in Viscous re
sponse is later in the impact and is associated with the after crush response . 
As the crush f orce is further reduced, the peak Viscous response increases 
until it reaches the level obtained with a rigid impact . The optimum Viscous 
response was obtained with a crush force that j ust completely uses the avail
able crush space , and where the first and second peak are equal . In this 
case , the minimum value in Viscous response is obtained with a crush force of 
4 kN.  

Figure 3 summarizes the f irst and second peak values shown in Figure 2 and 
demonstrates the rigid impact response f or crushable interfaces greater than 6 
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Figure 2 :  Superposi tion of Viscous responses with v ar ious crush force inter
f aces for a 10 m/s impact . 
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Figure 3 :  Peak Viscous respons es with 5 cm and 10 cm of crushab l e  interf ace 
showing the magnitude of the f irst peak during crush and second p e ak af ter crush 
in the Viscous response at 10 m/s .  
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kN crush force and the reduction in Viscous response with softer material . 
The minimum in Viscous response with 5 cm thickness of EA material occurs at 4 
kN and results in a 403 reduction in peak Viscous response . The curve to the 
left that crosses and is marked as a 5 cm thickness represents the eff ects of 
second impact after crush with lower crush force materials . It shows an in
crease in Viscous response with a softening interface due to the increasing 
severity of the second impact . With a 10 cm thickness of EA material , there 
was a broader range of crush force which reduces the Viscous response . The 
increase in range of crush f orce occurs at the lower crush force levels be
cause of the larger thickness of crushable material . A similar prof ile in 
reduction of ehest compression was found for the energy-absorbing interface . 
However , the ehest compression response is not as robust as the Viscous re
sponse and is less sensitive to the effects of the first and second impact . 
The insensitivity is , in part , due to the fact that ehest compression is 
essentially the sum or overall eff ect of the entire impact loading . 

Peak Viscous responses with a 5 cm thickness of EA material are plotted for 
four severities of impact in Figure 4 and demonstrate that the maximtim reali
zable reductions in Viscous response are achieved at the lowest levels of 
impact severity . For the cases simulated here , a maximum of 703 was found for 
the 5 m/s impact at a crush force of 1 . 7 kN .  In contrast , the maximum reali
zable reduction in Viscous response for the 12 . 2  m/s impact was 303 at a crush 
force of 5 . 2  kN.  The range of  effective energy-absorbing padding is  narrower 
for low-velocity impacts (for example a 103 reduction is achieved in the range 
of crush force of 1 . 0  - 2 . 4  kN , which has a spread of 1 . 4 kN) than for the 
higher speed impacts (the range of effective EA interface is 3 . 8  - 6 . 4  kN with 
a spread of 2 . 6  kN for the 12 . 2  m/s impact) . This curve also shows that for 
impact severities <7 m/s the peak Viscous response is below the currently 
recommended tolerance of 1 . 0 m/s (5) irrespective of choice of crushable 
interface material . In contrast , impact severities >10 m/s indicate that 
there is no choice f or energy-absorbing interf ace that can reduce the peak 
Viscous response below tolerance . 

It is possible to use the responses plotted in Figure 4 to def ine ranges of 
crush force which achieve either a 103 or 203 reduction in peak Viscous re
sponse for the 5 cm thickness of crushable interface . This type of analysis 
provides a range of crush f orce f or which the peak Viscous response is below 
the maximum value obtaiued with the rigid interface by >103 or >203 and allows 
a replotting of the data where the severity of impact is the controlling 
parameter . Figure 5 provides a summary of the crush-force corridors which 
reduce the peak Viscous response as a function of the severity of impact . For 
a given velocity of impact or severity , the upper limit is defined as the 
maximum crush force achieving either a 103 or 203 reduction of peak Viscous 
response . Selecting a crush force that is greater gives a material that is 
too rigid to produce at least a 103 reduction in Viscous response . The lower 
limit at each severity of impact is controlled by the thickness of the crush
able material and minimum crush f orce to achieve a 103 reduction in Viscous 
response . Selection of a softer material can provide effective reductions in 
peak Viscous response only if it is thicker such as is demonstrated by the 
lower crush force corridor for the 10 cm thickness material . This graph 
includes regions in which padding can reduce the Viscous response below the 
accepted tolerance level . The region is much smaller than that producing 
reduction in the Viscous response irrespective of magnitude . All impacts 
below 7 m/s result in a peak Viscous response that is below tolerance . 
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F igure 4: Peak Viscous response during crush of various interfaces at four 
severit i es of impact . 
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Injury Reducing Effects of Padding 

The method employed to evaluate inj ury reductions associated with an EA inter
face used the inj ury probability function (Figure 6) for AIS �3 inj ury 
directly with the response data obtained for rigid impacts (baseline inJ ury 
probability) , and responses with a crushable interface . The approach does not 
consider whether the peak Viscous response is associated with the f irst or 
second impacts and requires simulations at a larger number of severities of 
impact . Velocities of impact were incremented by 1 m/s from a low of 1 m/s to 
a high of 18 m/s .  For each increment in impact severity , the peak Viscous 
response for a rigid impact and that obtained with a thickness of a particular 
interface crush force was directly related to a probability of AIS �3  inj ury . 
It was then straight-f orward , to compute a percent reduction in the proba
bili ty of inj ury for each interface pair (crush force or stiffness and thick
ness) . For very low severity impacts the interface crush force could be too 
high to crush and achieve a reduction in inJ ury probability . For high 
severity impacts either the impact overwhelmed the response or the inj ury 
probability was so high that a negligible reduction in inj ury probability 
could be produced by the crushable interface . In the mid-region, inj ury re
duction may be realized . This process resulted in a relationship defining the 
percent reduction in inj ury probability as a function of the severity of im
pact and EA interface . 

Figure 7 shows the peak Viscous response as a function of impact velocity with 
a rigid interface and with two constant crush force pads of 5 cm or 10 cm 
thickness and crush force of 3 . 5  kN and 6 . 25 kN .  For the 3 . 5  kN constant crush 
force interface , the energy absorbing pad reduces the peak Viscous response 
for impacts of greater than 6 m/s velocity . The reductions in Viscous response 
are limited to an interval of impact velocity as the 5 cm curve approaches the 
rigid response for severities of impact approaching 12 m/s . The range of 
benefit is larger for the 10 cm thickness pad but also approaches the rigid 
response for the higher severity impacts . Superimposed on this curve is a 
line j ust above VC = 2 . 0  m/s which represents a Viscous response associated 
with a 993 probability of AIS 3+ inj ury . With a 3 . 5  kN crush force interface , 
the velocity range of reduced Viscous response is below the 993 inj ury proba
bility level . When the reduced Viscous responses are converted to a percent 
reduction in probability of inj ury , the velocity range of benefit is clearly 
identified (Figure 8) . For impacts above 6 m/s severity , there is a continual 
increase in the reduction in inj ury risk until a maximum value is obtained at 
a level approaching 653 lower risk . For severities of impacts above that 
level ,  the reductions in 1nJ ury risk drop off until a severity level is 
reached where there is no benefit of the energy absorbing interface . 

Field Accident Injuries 

The NCSS f ield accident data f or car-to-car side impacts was analyzed (6) to 
determine occupant exposures and 1nJ ury risks as a function of the computed 
change in velocity (�V) of the struck vehicle . The inj ury risk function (the 
probability of inj ury as a function of the change in velocity of the struck . 
vehicle)  was computed from the available inf ormation on the number of occu
pants exposed and the number inj ured of severity AIS 3+ for each 1 . 35 m/s (3 
mph) increment of �V . This resulted in 15 increments in �V for the field 
accident data covering the full range of crashes observed in real-world side 
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PROBIT ANALYSIS OF CHEST INJURIES 
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impacts (Table 1) . In addition to the raw data on the actual number of occu
pants exposed and inj ured occupants , exposure rates and inj ury rates are com
puted based on the total sample of exposed occupants (30 , 084) and seriously 
inj ured occupants (396) . Figure 9 shows the pattern of exposure and inj ured 
occupants as a fraction of the total number of exposed and inj ured people . 
The maximum exposure occurs at the lower speeds of impact , between 1 . 5-6 . 2  
m/s . Because the inj ury rate increases with the severity of the side impact , 
the peak in inj uries is shifted to a higher crash severity . The peak in in
j ured occupants occurs at 7 m/s . As might be expected , the maximum inj ury 
rate occurs for the highest severity crashes and peaks at about 303 risk based 
on smoothed curves of AIS 3+ f or a 20 m/s AV crash . 

Linking Laboratory Tests to Real-World Crashes 

It was possible to link the range of reduced thoracic responses obtained with 
energy-absorbing material to the real-world field accident inj ury data by 
relating the AV of the struck vehicle in the NCSS data to the velocity of 
impact in the simulation . The French published data (7) on car-to-car side 
impacts , where the deformation characteristics of the struck vehicle were 
measured . These 14 m/s (30 mph) side impacts demonstrated (Table 2) that the 
AV of the struck vehicle closely approximates the maximum (intrusion) velocity 
of the side door . This data provides the link between the simulation and 
real-world accidents , and indicates a one-to-one correspondence between impact 
velocity in the simulation and AV from field accident data . 

Injury Reductions with Padding 

A reduction in inj ured occupants was computed by lowering the value of inj ury 
risk in the NCSS data for the range of velocities where the EA material pro
vides benefit . By reducing the 1nJ ury risk in the eff ective range of the 
padding , the lower value of inj ury risk was multiplied by the actual number of 
exposed occupants to compute a new , but reduced , number of inj ured occupants . 
The difference between the actual number inj ured and the reduced inj ured 
represents a savings in inj ured people for a particular 1 . 35 m/s increment of 
AV . The reduced number of inj ured occupants for each velocity corridor was 
divided by the total number of inj ured in the original NCSS data set to obtain 
a fraction of inj ury reduction for that corridor . Summing the inj ury reducing 
fractions over the eff ective velocity range of the energy-absorbing material 
gave a proj ection for the overall benefit (reduction in AIS 3+ inj uries) for a 
particular thickness and crush force of an interface material . 

Using Figure 8 and the actual real-world side impact inj ury data from the NCSS 
analysis , it is possible to proj ect a 15 . 33 reduction in inj ured occupants 
with a 5 cm thick pad of 3 . 5  kN crush force (Table 3) . There is a slight 
increase in proj ected benefit with a 10 cm thick pad . For a constant crush 
force interface of 6 . 25 kN stiffness , Figure 7 showed that the range of re
duced peak Viscous response is at the higher severity impacts (approximately 
12-16 m/s impact) and that this range is well above the 993 inj ury risk level . 
When a curve similar to Figure 8 was attempted , the reduction in Viscous re
sponse for these severe impacts did not produce a reduction in inj ury risk . A 
pad of this crush force would be proj ected to have no benefit in reducing 
real-world occupant inj uries primarily because its range of eff ectiveness is 
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Table 1 

CAB.-CAR SIDE IllPACT CB.ASHES AND INJUB.IES FB.OM NCSS ACCIDENTS 

Mean Delta V Occu2ant Ex2osure Inj ured AIS 3 +  
Number Rate Number Rate 

mLs 3 3 
1 . 35 1722 6 . 72 3 0 . 17 
2 . 70 7407 24 . 62 10 0 . 14 
4 . 05 7938 26 . 39 28 0 . 35 
6 . 40 6 1 14 20 . 32 70 1 . 14 
6 . 75 3042 10 . 1 1 62 2 . 04 
8 . 10 1965 6 . 53 77 3 . 92 
9 . 45 693 2 . 30 33 4 . 76 

10. 80 372 1 . 24 1 1  2 . 9 6  
1 2 . 15 387 l . 29 24 6 . 20 
13 . 56 285 0 . 95 36 1 2 . 63 
14 . 85 75 0 . 25 22 29 . 3 3  
1 6 . 20 45 0 . 15 5 1 1 . 1 1 
17 . 55 2 1  0 . 07 3 1 4 . 29 
18 . 90 18 0 . 06 12 66 . 67 
20 . 25 0 0 . 0  0 0 . 0  

Totals 30084 396 

Table 2 

CAR -CAR SIDE IMPACTS 

Impact Speed 

Delta V (Struck Vehicle) 

Delta V (B-P i l l a.r )  

Maximum Door Velocity 

Ta.ble 3 

BENBFITS OF ENERGY-ABSORBING PADDING IN SIDE IMPACT PROTECTIO N  

Constant Crush 

6 . 25 kN 
3 . 50 kN 

5 cm 10 cm 

0 . 00 (0 . 0) 0 . 00 (0 . 00) 
15 . 32 ( 1 . 84) 18 . 58 (2 . 23) 

• First number is percent reduction i n  AIS 3+ i n j u r i e s  i n  side impacts 
and in parentheses the percent reduction in total harm . 
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in such severe impacts that the inJ ury probabilities are well above 993 and 
are not effected by the reductions in Viscous response . 

Malliaris (8) studied total occupant Harm in automobile crashes and f ound that 
123 of total Harm is related to side interior and arm rest contacts . Since 
these are the surfaces where EA and force-limiting material could influence 
inj uries in side impact crashes ,  the maximum Harm reduction with the introduc
tion of padding must be less than 123 .  In fact , the overall reduction in 
total Harm achieved by padding is the product of the proj ected reductions in 
inj ured occupants and the fraction of Harm due to side interior and armrest 
contact (in this case even if the padding were 1003 effective , it would result 
in only a 123 reduction in total Harm) . Table 3 shows the overall reduction 
in Harm achievable by energy-absorbing padding with a crush force of 6 . 25 kN 
or 3 . 50 k.N .  With 5 cm thickness of the 3 . 5  kN crush-force material , the 15 . 33 
reduction in total inj ured relates to a 1 . 83 reduction in total crash inj ury 
Harm . Note that there is no proj ected reduction in inj uries and Harm with an 
EA interface having a 6 . 25 kN crush force . 

Discussion 

The results of this study show that beneficial reductions in occupant inj ury 
may be realized with the appropriate selection of an energy absorbing mate
rial . By shifting from materials that are effective in the most severe acci
dent exposures to softer materials that work in the range where the greatest 
number of severe inj uries are occurring (the lower severity accident expo
sures) , reductions in the range of 153 - 203 in AIS 3+ inj uries may be possi
ble with EA material thicknesses of 5 cm - 10 cm . The results of this analy
sis are encouraging and indicate potential gains in occupant protection and 
Harm reduction by side impact padding . However , this study should be con
sidered a f irst step in the development of a more ref ined procedure for the 
selection of engineering requirements for occupant safety systems . 

Obviously the ultimate goal of this type of analysis is the eventual formula
tion of a scientif ic basis f or saf ety engineering which recognizes the wide 
range of crash severities in which occupants are inj ured , provides assurance 
that safety measures are effective over the greatest range of crash exposures , 
and involves impact testing and evaluations that focus on crashes where the 
greatest number of inj uries are occurring , rather than focusing on selected 
high-severity crash exposure . This is particularly important since the re
sults of this study indicate that optimization of EA material interfaces in 
high-severity crash exposures may lead to the selection of materials that have 
a negligible eff ect on improving occupant protection (see particularly the 
proj ected benef its of a high constant crush force material which might be 
identif ied as the optimum to reduce a biomechanical response from a dummy test 
but which on the basis of this analysis would be proj ected to have no benefit 
in reducing real-world occupant inj uries) . Hopefully , this type of analysis 
is the f irst of a series of ef forts to develop and ref ine a scientif ic basis 
for saf ety engineering which ultimately will  result in eff ective engineering 
practices for the reduction of real-world inj ury and Harm , and for inj ury 
control .  

This analysis concludes that paddings should be matched to crashes where the 
greatest number of inj uries are occurring in real-world accidents .  It points 
particularly to the risks of selecting tests that are of very high severity 
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even though they indicate a signif icant reduction in biomechanical response 
from either a simulation or dummy test . Since the goal is the eventual reduc
tion in real-world inj uries , the results of this type of analysis may be help
ful in the ultimate selection of test parameters for a full-scale side impact 
test . 

The study has not focused on the comparable benef its that might be realized by 
other types of energy-absorbing interface or structural-vehicle modifications . 
Structural changes may reduce the eff ective contact velocity or severity of 
impact on the occupant . The inclusion of the later type or benefit analysis 
may be useful prior to any ultimate evaluation of the effectiveness of a par
ticular countermeasure in side impact protection . However , this analysis does 
off er promise  to the saf ety benef its of impact padding when the material and 
its characteristics are optimized in crashes where the greatest numbers of 
inj uries are occurring , and where the padding is effective in reducing inj ury 
risk on the steepest portion of the sigmoidal response (clearly not in the 
areas of the asymptotic response at 1003 probability or zero probability of 
inj ury) , and where all the factors of crash inj ury protection are considered 
in the context of the wide diversity of real-world accidents . 
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