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The development of the Unified Head lnjury Theory (UHIT) has been under way 
at The Ohio State University for the last e ight years . The new criteria have two 
maj or parts . The first deals with translational ( rigid impact )  head inj uries 
which include skull fracture and brain contusion . The second part deals with 
rotational ( induced brain motion) head inj uries which include diffuse axonal 
inj uries ( DAI) and bridging vein tears . 

The first criteria of the UHIT is called the Translational Energy Criteria 
(TEC) and is the subj ect of this paper .  The TEC can estimate the severity of 
brain contusion ( Equivalent Abbreviated lnj ury Scale , EAIS) and the occurrence 
of skull fracture (Probab ility of Skull Fracture , POSF) . The TEC is based on the 
response of the Translational Head lnjury Model ( TillM) . The TillM is a collection 
of one -dimensional , three -degrees-of- freedo11 , se11i ·definite lumped parameter 
models ; each model consists of two masses , two dallpers , and a spring. The TIIIM 
is derived from mechanical impedance experiments conducted on human cadaver 
heads , and the TEC was validated for use with the Hybrid III head with accident 
reconstruction data. 

A series of 13 softballs of various construction , one baseball , and two ball 
helmets were evaluated with the TEC , the Severity Index ( S I ) , and the Head Injury 
Criterion (HIC) at three impact speeds . The softball impacts were to the s ide 
of the head, while the baseball impacts were to both the front and side of the 
head . The helmeted head impacts were only to the side of the head and only with 
softballs . 

The evaluation of the softball tests indicated that an impact squarely over 
the temple at ball speeds of approximately 17 . 9 ,  26 . 9 ,  and 35 . 8  meter per second 
will result in an average EAIS of 2 . 8  , 4 . 2 ,  and 5 . 8  respectively . The baseball 
study , conducted at the University of Kichigan, indicated that under the sa.me 
impact conditions as the softball study a baseball head impact will result in a 
slightly lower EAIS value . The baseball study very graphically demonstrates that 
a direct head impact ,  as opposed to a glancing blow to the head , is a rare event . 
The helmet study showed that for the helmets tested, very little benefit was 
realized for direct head impacts above 26 . 9  meter per second. The HIC and the 
SI were unable to distinguish the hardness of the softball at all speeds . Also , 
the HIC and the S I  failed to give a realistic or 11eaningful evaluation of the 
severity of the impacts , ie the HIC of 6 , 000 has no real world injury severity 
reference as well as the HIC of 3 , 000 . The TEC was able to distinguish the 
hardness of all the softball , and to evaluate the impacts continuously in terms 
of the Abbreviated Inj ury Scale (AIS) . 
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INIRODUCTION 
Head injuries traditionally have been broken down into two maj or injury 

categorie s :  translational ( rigid impact )  .su.: rotational ( induced brain motion) . 
In real ity ,  the vast maj ority of head inj uries are generated from both 
translational Ansl rotational inputs . The type and severity of head inj uries 
depend , in general , on the absolute magnitudes of the translational and 
rotational inputs . The inj uries most co1111only associated with a trans lational 
input are skull fracture and cortical contusion (coup and contrecoup ) ,  while the 
inj uries associated with rotational inputs are bridging vein tears and diffuse 
axonal inj uries (DAI ) . The criteria which tie the translational and rotational 
type injuries into one theory have been developed at The Ohio State University . 
The Unified Head Inj ury Theory is now being used to evaluate or reevaluate many 
of the head injury studies being conducted at the present time . These studies 
involve A- and B-pillars head impacts , bicycle helmets , windshield head impacts , 
airbags , children' s  playgrounds , and more . Head impacts with small proj ectiles , 
such as softballs or baseballs constitute one area of s tudy in which the 
rotational input is very small in relation to the translational input . 

Even though serious head injuries in baseball or softball are rare ( 10 to 
12 a year with no helmet) ,  an experimental s tudy was undertaken to evaluate 
various softballs , using the Translational Energy Criteria (TEC) , Severity Index 
( S I ) , and the Head Inj ury Criterion (HIC) as head injury predictors . The 
softballs s tudied were divided into three groups : two were based on the ball 
core material (kapok or cork) and one involved reduced injury softballs . The 
softballs were fired from a cannon at three velocities , 17 . 9 ,  26 . 9 ,  and 3 5 . 8  
meter per second, at the side of the head and through the center of gravity of 
a Hybrid III  dummy head mounted on a Euro- S id neck. 

Two commonly sold softball/baseball helmets were evaluated using the same 
experimental procedure as outlined for the softball tests . The helmet 
evaluations were carried out using a softball with a kapok center . 

A baseball head impact study conducted at the University of Michigan 
Transportation Research Institute (UMTRI ) in 1984 was reanalyzed using the TEC . 
In this Kichigan s tudy less control was used in firing the baseballs against the 
Hybrid III  head. This loss of control resulted in random impacts to the front and 
s ide of the dwmay ' s  head. The impact velocity for these tests was approximately 
36 . 5  meters per second. 

This s tudy of lightweight , high velocity proj ectile head impacts offers a 
good opportunity to examine the TEC , the SI , and the HIC under the conditions of 
small head rotations and to s tudy these criteria under impact conditions 
different from those for which they were derived.  

BACKGROUND 
Mechanical lumped parameter models have been used frequently to predict head 

response under s i11.Ulated impact conditiona . In the early 1970 ' s  a number of 
these lumped parameter head injury models were developed. The first was 
developed by A .  Slattenschek in 1979 [ l ]  with the Vienna Institute Index (JIT) , 
and was used to evaluate windshield head impacta . Next came the Effective 
Displacement Index (EDI) developed by J .  Brinn in 1970 [ 2 ] , which was basically 
a filter that allowed real time crash analysis of head injury potential . 
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Finally, the Revised Brain Model waa prosaed by V .  Fan in 1971 [ 3 ) .  This model 
and criteria separated head injurie1 1nto two part1 : firat , for short impact 
durations related to veloc i ty ,  and secondly , for long impact durationa related 
to deflection. Fan waa one of the first to see the dependency of velocity and 
displacement in brain injuries . Each of theae criteria , the SI in 1966 [ 4 )  and 
the HIC in 1971 [ 5 ) , is all baaed on the Vayne State Tolerance Curve (WSTC) 
[ 6 ) , [ 7 ) , ( 8 ) . Ouring this same period a one-dimenaional , two degree-of- freedom 
lumped parameter model was introduced by R .  Stalnaker [ 9 ) , [ 10 )  to predict head 
impact responses . 

This new model was composed of two maasea connected by a spring and damper 
in parallel (Figure 1 ) . The model parametera were determined by fitting the 
moda l driving point mechanical impedance reaponse to the experimental driving 
point mechanical impedance response data obtained from cadaver tests conducted 
to the s ide of the head . A new head injury criterion, completely independent of 
the WSTC , was developed from the response of this new lumped parameter mode l .  
The Mean Strain Criterion (MSC) used model deflection divided by average head 
width as an injury predicto r ;  for example , a mean s train of 0 . 0061 m/m was 
equivalent to the AIS of 3 .  However ,  the 110del response at the anti -resonance 
did not correlate well with the experimental response data . 

The MSC lumped paraaeter model was modified in 1985 by R .  Stalnaker [ 11 ] . 
This new model was the saae as the old model but for a damper added in series 
with the spring ( Figure 2 ) . The addition of this damper resulted in the model 
response fitting the experimental data very wel l .  In addition to the model 
upgrade , more impedance test data were added to the lateral or Left·Right (L·R) 
data base . More cadaver 1mpedance tests were conducted in the Anterior-Posterior 
(A·P) , Posterior-Anterior ( P·A) , and the Superior- Inferior ( S · I )  directions , and 
additional models were constructed. These directional head models were naaed the 
Translational Head Injury Model (THIM) . The MSC , now renamed the New Kean Strain 
Criteria (NMSC) was upgraded using Strain and Strain Rate as the injury 
predictors . The NMSC was expanded to include injury predictiona in five 
directions : L·R, R·L, A · P ,  P·A,  and S · I .  This was the first time a distinction 
was made between the NMSC (criteria) and the THIK Models . 

c 

M M c 1( {k9) {k9\ {N-9to/111) {N/111) 
0.11 4.ol 420.3 45�300 

F"igure 1 :  The Old MSC Model (Lateral) 
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Although the NMSC correlated verj well with the cadaver experimental data , 
a threshold value bad to be placed on the strain rate so that strains would not 
accumulate for very low strain rates . Also , the scatter of the cadaver head 
injury data for impacts of different directions could lead to more than one 
injury predicting function, depending on how the curve fitting was accomplished . 
For these reasons in 1987 R .  Stalnaker [ 12 ]  introduced the Translational Energy 
Criteria (TEC) . This new criteria utilized the THIM models and head impact test 
data obtained from subhuman primate studies carried out in the early 1970s [ 13 ] . 
All of these tests and the models were for the L-R direction . The impact data 
recorded were head injury infornation and the impact force . Because of the 
uniformity of tes t  specimens , simplicity of the experimental procedure , and the 
large number of tests conducted , a complete parametric s tudy could be made 
between the head inj uries and the model response . The results of this study 
indicated: 

1 )  The energy dissipated by the damper connecting the two masses best 
predicts brain inj ury . 

2 )  The power stored in the spring best predicts skull fracture . 

Before the TEC could be extended to human , the THIM had to be better 
defined. This was accomplished by V .  Roj anavanich in three papers ( 14 , 1 5 , 16 ] . 
The first ( 1988 ) fixed all of the model constants through detailed parametric 
studies of the THIM Mode l ,  and the second ( 1989) studied the response of the TEC 
to variations of force and acceleration inputs . The third paper ( 1990) defined 
the model elements (mass , dampers , and spring) with respect to the head, ( total 
head mass , skull stiffness , and brain damping) . This paper also discussed the 
linear interpolation method used to generate THIM for any given head impact 
direction . With the THIM completely explained , the TEC for human and the Hybrid 
III may be defined.  

The TEC for humans was detenained by correlating the injury function 
obtained for the primates data to cadaver test data ( 1 7 , 18 , 19 ] . The injury data 
presented in these three publications were updated to 1985 AIS values in 
consultation with the original authors . This work is in preparation and will be 
published soon. 

The TEC was formulated for use with the Hybrid III from accident 
reconstructions carried out by the National Highway Traffic Safety Administration 
(NHTSA) ( 20 , 21 ] . These reconstructions were of pedestrians and unbelted 
automobile passengers . The formulation of the TEC for use with the Hybrid III 
will be discussed in detail later in this pape r .  

The THIM and TEC for both humans and dW1111ies have been completely documented 
in a report to NHTSA ( 22 ] ,  and a TEC computer prograa has been written and 
documented [ 2 3 ]  . 

At present , there is no widely accepted s tandard governing the use or 
evaluation of baseball/softball helmets . Different leagues have their own 
standards : professional baseball leagues require the use of helmets , 
profess ional softball leagues in general do not ,  and most high schools in the 
United State do require the use of helmets . The head injury criterion most often 
used to evaluate these helmets is the Gadd Severity Index ( SI ) . As reported by 
V .  Hodgson ( 24 ] , the SI represents the probability of a serious head injury , that 
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is , an SI of 1 , 500 indicates a 40• chance of a serious head injury . The severity 
of head injury is not known; it could be an AIS - 3 ,  4 ,  5 ,  or 6 .  All o f  these 
AIS nWllbers are in the class of inj uriea referred to by the SI as " serious head 
injury . "  

Before the effectiveness of any hel11et can be determined, the injury 
potential for the unhelmeted head 11Uat be obtained.  Also , in the case of 
softballs more than one type of balla ia being uaed due to the many different 
leagues of various skill levels . Therefore , the obj ectives of this s tudy were 
to evaluate the maximum injury potential of three type& of softballs and one type 
of baseballs . In addition , these results were uaed in the evaluation of two 
models of baseball/softball hel11ets . This study also evaluated the TEC in the 
real world accident conditions . 

APPLICATION OF IHE TEC TO HYBRID III 
In 1986 a series of automobile occupant reconstructions were reported by R .  

Saul [ 21 ] , and in 1988 a series o f  pedestrian reconstructions were reported by 
J .  Kessler [ 20 ] , both studies were conducted by NHTSA . 'When they were reviewed, 
18 reconstructions were determined to be useful for relating the TEC to real life 
accident inj urie s .  The criteria used to select the cases were : 

1 )  The main inj uries were to the head. 

2) The head inj uries were translational in nature . 

3 )  The reconstruction was though to be good. 

4)  The entire accident file and reconstruction data were available . 

The 18 cases chosen along with the injury infonaation are SWIDlarized in Table 1 .  

The analogue tapes of the acceleration data fro11 the acc ident 
reconstructions were obtained fro11 NHTSA and were processed in the following 
manner :  

1)  The acceleration signal was filtered at Class 1000 . 

2 )  The acceleration signal was then filtered at Class 800 . 

3 )  The acceleration s ignal was then normalized with respect to the mass 
M2 . 

4) The acceleration signal was then zeroed. 

The acceleration signal for reconstruction S39145 is shown in Figure 3 ,  with the 
post processed s ignal shown in Figure 4 .  The processed acceleration signal A ( t) 
is then used as the output acceleration of 11ass M2 , and the input force F(t)  on 
mass Ml necessary to generate the M2 acceleration is found . During this process 
the energy diss ipated by damper C2 and the 11axi11W1 power stored in spring K are 
recorded for each reconstruction . 
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M .  Ulman ( 1986) reported a relationship between any three highest AIS injury 
numbers recorded for an accident victim and the probabil ity of that victim dying 
[ 25 ] . Table 3 presents this 3 -AIS and its relationship to the probabil ity of 
death . A functional relationship between fractional AIS numbers and the 
Probability of Death (POD) was needed because the TEC function derived from the 
subhuman primate studies was in tet"118 of AIS , not probability of death . This 
function was obtained by a linear regression fit (correlation coefficient of 
0 . 992)  using the method of least squares for the s ingular AIS codes , ( l , 0 , 0 ) , 
( 2 , 0 , 0) ,  ( 3 , 0 , 0) , (4 , 0 , 0) , and ( 5 , 0 , 0 ) , and the log of the corresponding 
probability of death numbers (Table 2 ) . This function (Equation 1)  is : 

The fractional AIS numbers are redefined as Equivalent AIS ,  or EAIS . The EAIS 
- O , and EAIS - 6 were , by definition, assigned probability of death values of 0% 
and 100% respective ly .  A graph of the function is shown in Figure 5 .  

The 3 -AIS numbers for each accident victim listed in Table 1 were converted 
to EAIS numbers through Table 2 or Equation 1 .  The energy dissipated by damper 
C2 and the power s tored in spring K were detemined for each reconstructed 
accident . The results of the reconstruction are given in Table 3 .  

A linear regression fit using the method of least squares was carried out 
between the EAIS numbers and the energies dissipated by C2 , found in Table 3 .  
The function used for this regression analysis was of the same form obtained in 
the subhuman primate studies [ 1 3 ] . The results of the curve fit , shown in Figure 
6 ,  are given by Equation 2 (correlation coefficient of 0 . 973) : 

EAIS•4 . 14[E"Ca 

The skull fracture part of the TEC was determined by plotting the "No Skull 
Fractures" as a zero and the "Skull Fractures" as a one ; then a normal 
probability distribution function was used to connect the no fractures to the 
fractures .  The Skull Fracture Probability Function is given in Figure 7 for a 
Mean of 7 , 365 Watts and the S tandard Deviation of 700 Watts . 

The TEC for use with the Hybrid III dummy head is now defined by Equation 
2 or Figure 7 .  

SOITBALL STUDY 
Method - The softball study consisted of 7 1  head impacts ( 3 7  low speed, 13 

medium speed, 13 high speed, and 6 helaet caaea) and was carried out in the 
Gurdj ian-Lissner Biomechanics Lab at the Wayne State University , Detroi t ,  
Michigan. The test set-up consisted of a Hybrid III head mounted on a Euro - S id 
neck . The neck was rigidly mounted to a seismic -maas with the right side of the 
head facing the National Operating Comaittee on S tandards for Athletic Equipment 
(NOCSAE) Baseball Batter ' s  Helmet air cannon . The head was instrumented with a 
tri - axial accelerometer at the center of gravity and an angular accelerometer 
mounted on the head back plate and aligned so as to aeasure the angular 
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3-AIS Mortality 3-AIS Mortality 

BlläiDI 11u 'u BIDlriiDI Bllil m 
1 0 0 0 . 15 4 3 3 2fS . 7 1 
1 1 0 0 . 3 5  4 4 0 30 . 08 
1 1 1 0 . 81 4 4 1 3 3 . 89 
2 0 0 0 . 94 4 4 2 38. 17 
2 1 0 1 . 2 1  4 4 3 4 3 . 00 
2 1 1 1 . 57 4 4 4 4 8 . 4 4  
2 2 0 2 . 03 5 0 0 24 . 52 
2 2 1 2 . fS3 5 1 0 25.88 
2 2 2 3 . 41 5 1 1 27 . 32 
3 0 0 1 . 112 5 2 0 2 11 . 84 
3 1 0 2 . 011 5 2 1 30 . 45 
3 1 1 2 . 37 5 2 2 32 . 14 
3 2 0 2 . 7 1  5 3 0 33 . 93 
3 2 1 3 . 10 5 3 1 35 . 82 
3 2 2 3 . 54 5 3 2 37 . 81 
3 3 0 4 . 05 5 3 3 3 8 . 81 
3 3 1 4 . fS2 5 4 0 42 . 13 
3 3 2 5 . 211 5 4 1 44 . 4 8 
3 3 3 11 . 03 5 4 2 48 . 85 
4 0 0 8 . 15 5 4 3 4 9 . 5fS 
4 1 0 1 0 . 30 5 4 4 52.32 
4 1 1 1 1 . 111 5 5 0 55.23 
4 2 0 13 . 07 5 5 1 58.02 
4 2 1 14 . 73 5 5 2 fSl . 55 
4 2 2 lfS.59 5 5 3 fS4 . 87 
4 3 0 111 . 89 5 5 4 88 . 58 
4 3 1 2 1 . 0 5  5 5 5 72. 40 
4 � a a�. n. II Q Q lQQ,QQ 

I�l1 J; Ihl RuYlU Qf tb1 f1�11tx11nLQ��YR1nt R1�2n1tn&�t12n1 
Probability EC2 Fractional PK Skull 

Iest N2,* Qf Peatb <•> (J) AIS n.n Fxactuxe 
SlORRE - 1  100 . 00• 2 . 080 6 . 00 5878 No 
S39013 - l  14 . 73• 0 . 211 4 . 50 4458 Yes 
S3901 5 - l  58 . 02 •  2 . 029 5 . 60 22471 Yes 
S3905 6 · 1  27 . 32• 1 . 433 5 . 00 7212 No 
S39090- l  1 . 21' 0 . 763 2 . 49 6026 No 
S39109 - l  0 . 35• 0 . 120 1 . 50 1597 No 
S39135 · 1  1 . 21• 0 . 821 2 . 49 4956 No 
S39145 - l  0 . 15• 1 . 906 0 . 82 10796 No 
S73097 - 2  1 . 57• 0 . 266 2 . 70 3745 No 
S73103 - 2  5 . 28• 0 . 306 3 . 68 6810 No 
S73108 · 2  52 . 32• 1 . 600 5 . 52 10607 Yes 
S86240- l  43 . 00• 1 . 684 5 . 36 10368 Yes 
S86242 - 1  0 . 94• 0 . 405 2 . 29 854 No 
S86243 - 1  0 . 15• 0 . 069 0 . 82 1258 No 
S86245 - 1  1 . 57 •  0 . 103 2 . 70 1050 No 
S86252 - 1  1 3 . 07• 1 . 186 4 . 41 6107 No 
S86254 - l  3 . 10• 0 . 290 3 . 25 1440 No 

SlQllB2-l lQQ,QQI 2.12� §,QQ Z�lZ X11 
*l - Data is from Kessler [ 20 )  
* 2  - Data is from Saul [ 2 1 )  
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accelerations about the A·P axis . The point of impact was lined up approximately 
along the L-R axis . The X- , Y· , Z - l inear acceleration , the X-angular 
acceleration , and the online Severity Index were recorded at the · time of each 
impact .  

The specifications for the 13 different softballs tested are given in Table 
4 .  Each ball was tested at an average speed of 18 . 4  ± 0 . 4 ,  27 . 3  ± 0 . 3 ,  and 36 . 4  
± 0 . 5  meters per second. Three head impacts per ball were carried out at 18 . 4  
meter per second for each o f  the 13 ball types . Also , for ball types A ,  E ,  and 
H two different balls were tested. 

IüLE 4; S2ftb1ll SQ��1U�at12n1 
Label \rleight Cover Core COR* 

A 191 . 8 Synthetic KAPOK 0 . 50 
B 186 . l  Leather KAPOK 0 . 52 
c 176 . 7  Synthetic KAPOK 0 . 52 
D 184 . l  Synthetic KAPOK 0 . 48 
E 186 . 4  Leather KAPOK 0 . 50 
F 180 . 1  Leather CORK 0 . 47 
G 188 . 1  Leather KAPOK 0 . 50 
H 185 . 8  Leather CORK 0 . 47 
1 178 . 1  Leather CORK 0 . 50 
J 192 . 0  Synthetic KAPOK 0 . 50 
K 186 . 9  Synthetic CORK 0 . 50 
M 194 . 9  Leather RIF 0 . 47 
li 182.l 1&1thu;: RU: Q,4Z 

* - Coef f icient of Restitution 

Results - The results of the repeatability s tudy based on peak acceleration 
showed that the tests were repeatable to within ± 2 . 5% .  The results of the 
reproduc ibility study , again based on peak acceleration , were that softballs A ,  
E ,  and H were each reproducible to within ± 5% . A typical resultant acceleration 
and the THIK response are shown in Figures 8 and 9 .  The sW111ary of the results 
( the TEC, HIC , SI , angular acceleration , and probability of slcull fracture) for 
each ball at each head impact speed is given in Table 5 .  

BASEBALL SIUDY 

Metbod - A study was conducted at The University of Kichigan Transportation 
Research Institute (UKTRI ) in 1984 for the Insurance Institute for Highway 
Safety . [ 26 )  In this study baseballs were propelled at the head of a Hybrid III 
dummy by a baseball pitching machine . Impacts were conducted to the front and 
s ide of the dummy ' s  head at an average speed of 37 . 4  ± 0 . 9  and 37 . 6  ± 1 . 1  meter 
per second respectively . The dUJlllY'' S  head was instrwaented with a tri -axial 
accelerometer package . Twenty- two head impacta were conducted, ten to the front 
and twelve to the side of the head. The TEC was determined by e lectronically 
band digitizing the A - P ,  L·R, and S · I  acceleration traces reported in the UKTRI 
report and processing the digitized d&ta as reported above . The HICs were 
calculated from the digitized d&ta and compared with the reported HICs as a check 
of the digitizing procedure . 
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3 S . 8  2 . 007 

17 . II  0 . 111111 

215 . 11  1 . 471 

3 S . 8  2 . 634 

17 . 11  O . SS7 

28 . 11  1 . 2111 

3 5 . 8  2 . 2S3 

1 7 . 11  0 . 4711 

28 . 11  1 . 032 

3 5 . 8  1 . 1178 

1 7 . 11  0 .  3114 

211 . 11  1 .  012 

3 S . 8  1 . 11211 

17 . 9 0 . 550 

26 . 11  1 . 307 

3 S . 8  2 . 282 

1 7 .  II 0 . 394 

211 . 9  0 . 9911 

3 5 . 8  1 . 9S6 

17 . 9  0 . 383 

28 . 9  O . !Ml 

3 5 . 8  1 . 803 

1 7 . 9  0 . 517 

26.9 1 . 187 

3 S . 8  2 . 2311 

1 7 . 9  0 . 3711 

26.9 0 . 9511 

35 . 8  1 . 827 

17 . 9  0 . 214 

215 . 9  O . SS8 

3 5 . 8  1 . 572 

1 7 . 11  0 . 322 

215 . 11  0 . 777 

3 5 . 1  1 . 800 

T4.BLE � i �tHWl.Y gf S01T!ALL P!llPC8tA8CE 

Skull 
!AIS• � Fract.ur• 

(W) ( % )  

3 . 14 8Sll3 " 
4 . 46 111488 100 

11.00 38400 100 

3 . 04 71108 78 

4 . 3S 17S38 100 

S . 87 330SS 100 

3 . 46 10480 100 

S . 02 23347 100 

11 . 00 42004 100 

3 . 011 8403 113 

4 . 70 21233 100 

11 . 00 3S7113 100 

2 . 87 71411 38 

4 . 21 1111S4 100 

S . 82 32020 100 

2 . 110 Sll88 1 

4 . 18 111021 100 

5 . 7S 33444 100 

3 . 07 8247 90 

4 . 73 21584 100 

11 . 00 3477S 100 

2 . 80 5711 1 

4 . 14 15724 100 

5 . 79 3S710 100 

2 . S6 54S4 1 

4 . 06 14094 100 

5 . S6 28779 100 

2 . 98 76SS 34 

4 . Sl 19001 100 

11 . 00 38574 100 

2 . SS 5232 1 
4 . 05 14201 100 

5 . 80 274117 100 

1 . 92 2741 0 

3 . Oll 744S 46 

5 . 19 22085 100 

2 . 35 4381 0 

3 . 85 10780 100 

5.24 24024 100 

!quivalent. AIS ltwlber Cfract.ional Seal•) 
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Anaular 
SI BIC Accelerat.ion 

(rad/aec/aec) 

215s 1S3 601 

980 401 1804 

1403 88S 8880 

2118 1415 688 
774 3SS 1338 

11118 737 S344 

383 188 73S 

9S2 soo 1870 

1350 1006 llS13 

308 141 668 

881 40S 1587 

1344 836 llS13 

258 123 668 

738 335 1420 

1221 74S S010 

220 107 688 

7011 327 10811 

1132 718 4SOll 

322 140 668 

906 4115 1S78 

1318 821 5344 

252 103 935 

11113 318 11811 

1213 808 S177 

1911 100 488 

825 308 1253 

1101 1557 3006 

2117 135 1101 

894 397 1753 

1272 8'9 4843 

228 112 1101 

1183 331 1837 

1114 717 S177 

132 78 534 

417 218 1753 

1123 1114 3S07 

177 tt 735 

501 272 1336 

990 833 3674 
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Results - The results of this s tudy are illustrated in Table 6 .  There were 
no significant differences found between the digitized and reported HICs . 
Therefore , the HICs shown in Table 6 are the ones reported by UMTRI . 

HELMEI SnJDY 
Method - S ix baseball/softball helmets were evaluated ,  three at 3 5 . 8 meters 

per second and three at 26 . 9  meters per second . They were of good q\l.ality and 
were purchased at a nationally knovn sporting gooda store . The helmets were 
placed on the Hybrid III head and the tests conducted in the same manner as the 
softball evaluations . The same softball from the G group was used for all helmet 
impacts . A new helmet was used for each impact .  All impacts were to the side 
of the head. 

Results - Table 7 presents the results for the helmet study . The TEC , HIC , 
SI , angular acceleration, and probability of slcull fracture are shown for each 
test ,  along with the average for each speed. The helmets were not damaged in any 
of the impacts . 

DISCVSSION 
Softball Stu<ly - The air cannon at Wayne State University offered good 

control and repeatability. The softballs used can be divided into three 
categories : long range , mediWI range , and short range . Each category is designed 
for the league in which the ball is used. Softballa A ,  B ,  C ,  D ,  E ,  G ,  and J are 
all in the long range category , while balla F ,  H ,  I ,  and K are mediWI range . 
Balls M and N are designed for use primarily by the handicapped or small 
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TABLE 6: RESULTS OF TEC AND HIC ANALYSES OF 
BASEBALi. HEAP IMfACIS 

Test No . EC2 EAIS+ PK \ Slcull 
(frontal) (J) (W) Fracture 

84BF23 0 . 374 3 . 05 12653 100 
84BF24 1 . 057 4 . 31 3 3734 100 
84BF25 0 . 419 3 . 17 14330 100 
84BF26 0 . 27 1  2 . 74 8806 98 
84BF28 0 .  784 3 . 90 28055 100 
84BF29 0 . 468 3 . 28 15183 100 
84BF30 0 . 347 2 . 97 11230 100 
84BF31 0 . 751 3 . 84 22299 100 
84BF32 0 . 915 4 . 11 30560 100 
84BF33 0 . 698 3 . 75 22334 100 

Average A·P  0 . 608 3 . 51 19918 
Stand. Dev . 0 . 268 0 . 54 8738 

Test No . EC2 EAIS+ PK \ Slcull 
(Lateral) (J) (W) Fracture 

84BS34 1 .  234 4 . 54 19678 100 
84BS35 2 . 879 6 . 00 47384 100 
84BS36 0 . 912 4 . 10 15357 100 
84BS37 1 . 838 5 . 18 29166 100 
84BS40 2 . 687 5 . 88 43771 100 
84BS41 0 . 167* 2 . 33 3361 0 
84BS42 1 .  933 5 . 27 30972 100 
84BS43 1 . 392 4. 72 22943 100 
84BS44 0 . 629 3 . 62 10206 100 
84BS45 2 . 273 5 . 56 36581 100 
84BS46 2 . 293 5 . 58 3 7156 100 
84BS47 . 1 . 089 4 .  35 18080 100 

Average L-R 1 . 611 4 . 76 26221 
Stand. Dev. 0 . 843 1 . 06 13588 

. Original Test Signals indicate larger A-P  component . Equivalent AIS Nwaber ( Fractional Scale) 
Average Frontal Impact Speed is 3 7 . 4  ± 0 . 9  m/sec 
Average Lateral Impact Speed 1s 37 . 6  ± 1 . 1  m/sec 
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Impact 

Label Speed 

'•l• l 
BAl 3.5 . 8  
BA2 3.5 . 8  

BA� ��.I 
AVU:ll! ��.I 

BCl 28 . a 
BC2 is . a  
w;;� a1.11 

AVU:Y! a1.i 

TABLE Zi 

!C2 
'il l 

1 . 884 
1 . 808 
l.ii� 
1.HI 
o . aa.5 
1 . 010 
Q .11111 
Q. llil 

lltHtARY Ql lllLlm DRACTS !ilD sarTBALL "Si" 

Skull !AIS* K rractura SI 
n�n ,xi 

.5 . 8.5 27103 100 Q31 
.5 . 57 28.5Q4 100 8Q4 
�.14 a11��11 lQQ 

�.H az14� lQQ llU 

4 . 13 13478 100 oa 
4 . 18 131141.5 100 .504 
4,ia ia11u 1QQ 4H 

4, 14 u�a lQQ 4U 

An&ular 

BIC . Accaleration 

'UdlHClHCl 
818 2004 
.58.5 11170 

UQ 1§70 

§Q4 1711 

340 .534 
324 631 
�n 411§ 
��a ��4 

children. The range of the bal l ,  in some complex way , is related to the hardness 
of the bal l .  A meaningful head injury criterion should be able to sort out the 
hardness of each softball . The TEC , S I ,  and HIC for each impact speed have been 
sorted in terms of injury potential , from the highes t  to the lowest . The results 
of this sorting are shown in Table 8 ,  where ranking goes from one to thirteen. 
If indeed the long range balls A, B ,  C ,  D ,  E ,  G ,  and J ,  are the hardest,  then 
they should be found in the first seven rows of the table . Likewise , the medium 
range balls should be in the next four rows . Finally , the short range balls 
should be in the last two rows . The TEC and SI placed every ball in the 
appropriate category, while the HIC was wrong ten times . Bar graphs showing the 
inj ury ranking for the TEC , HIC , and SI are given in Figures 1 0 ,  11 , and 12 , 
respectively. 
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FIGURE 1 0 : Results of TEC Analysis for S oftball Head I mpact 
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FIGURE 1 1 :  Results of HIC Analysis for Softbal l Head Impact 
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Baseball Study - The baseball pitching machine used at UMTRI was found to 
be very unreliable both in speed and in control of the impact point. This 
inab ility to control the impact point is shown in Table 6 by the very large 
spread in the injury severities . This wide range of injuries is due for the most 
part to glancing blows . Based on the average EAIS plus one standard deviation 
of all the baseball lateral head impacts and correcting for the differences in 
impact speeds between the softball tests and the baseball tests , the inj ury 
potential of a baseball and a softball •G• can be compared for an impact speed 
of 36 . 4  meters per second . The results of this comparison were EAIS - 6 . 00 for 
the softball , and EAIS - 5 . 24 for the baseball . The reason for this , if the 
baseball data can be trusted, is reflected in the fact that the softball is 25% 
heavier than the baseball . 

Three main points can be 11ade fro11 the baseball and the softball s tudies : 

1 )  In these s tudies the impacts are squarely over the temple , with all 
the impact energies going directly into the head. 

2 )  I n  general , the softball i s  not thrown as fast as the baseball .  

3 )  A direct impact to the head with all of the kinetic energy of the ball 
going into the head is a very rare event . Note the scatter of the 
inj ury data for the baseball impacts . 

Helmet study - In the helmet study very little benefit was seen from the use 
of a helme t .  The helmet attenuated the impact by 5 %  at 3 6 . 4  11eters per second 
(making the inj ury treatable) and by 12% at 27 . 3  11eters per second. At the two 
impact speeds studied, no reduction in the probability of skull fracture was 
seen . At the 36 . 4  and 27 . 3  meters per second impact speeds , the helmet padding 
of 1 . 5  cm. was bottomed out early in the event . This again shows the very rare 
occurrence of direct head impacts . The advantage of the helmet is not in its 
abil ity to attenuate the impact but in its ability to deflect the ball . 

Tbe TEC - The TEC is the first head injury criteria to give an insight into 
the full range of head injury severities in all directions from rigid impacts . 
Us ing the TEC to evaluate the baseball/softball helmets showed that the helmet 
would reduce the expected head injury fro11 an EAIS - 6 . 00 to an EAIS - 5 . 69 ,  a 
reduction of 5% , while the SI showed 1 , 318 being reduced to 913 , a decrease of 
31% . The HIC indicated a 21% decrease in head inj ury with the use of a helmet 
by reducing the HIC from 821 to 604 . A HIC of 821 and an SI of 1 , 318 both imply 
some probability of head injury . The severity of this head injury is unlcnown , 
but , whatever that injury is , it is acceptable . Only the probability of there 
being an injury is evaluated. The TEC indicated that the head injury in question 
without a helmet 11ost likely is an AIS of 6 . 00 .  The TEC is 11&king its prediction 
based on a softball traveling at 36 . 4  aeters per second contacting the temple ,  
where the skull bone is very thin, and producing a depressed fracture . The SI 
and the HIC are both making a prediction based on the test conditions which 
formed the Wayne State Tolerance Curve ( forehead ; A - P ;  rigid, padded ,  and induced 
brain motion tests ) . Both the HIC and the SI would be fot"11Ulated much 
differently if only the rigid impact part of the WSTC were used. The TEC for use 
with the Hybrid III in any direction is now ready for general use for impact 
resulting in trans lational types of injuries . 
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CONCLUSIONS 
1) The Translational Energy Criteria for use with the Hybrid III is 

completed. 

2 )  The Translational Energy Criteria was found to be more useful than the 
HIC or the SI in evaluating the softballs , the baseball ,  and the 
helmets . 

3 )  A softball head impact was found to be slightly more severe than a 
baseball impact at the same speed. 

4)  A softball or a baseball direct head impact can result in a serious 
head injury at impact speeds over 17 . 9  meters per second . 

5 )  A baseball/softball helmet offers little benefit for impacts over 26 . 9  
meters per second. 

6)  The HIC indicated that all but four impacts were acceptable , and the 
SI indicated that all impacts were acceptable . 

7 )  Severe head inj uries from baseball and softball impacts are rare but 
do occur . The use of a helmet can reduce this occurrence by 
deflecting the ball more eas ily . 

REFERENCES 
1 .  Slattenschek , A .  and Tauffkirchen, W . , "Critical Evaluation of Assessment 

Methods for Head Impact Applied in Appraisal of Brain Injury Hazard, In 
Particular in Head Impact on Windshields , •  International Automobile Safety 
Conference Compendiua, 700426 ,  1970 , pp . 280- 301 . 

2 .  Brinn , J .  and Staffeld, S .  E . , "Evaluation of Impact Test Accelerations : A 
Damage Index for the Head and Torso , "  Proceedings of the 14th STAPP Car 
Crash Conference , 700902 , 1970 , pp . 188 - 202 . 

3 .  Fan, W .  R .  S . , " Internal Head Injury Assessment , "  Proceedings of the 15th 
STAPP Car Crash Conference , 710870 , 197 1 ,  pp . 645 - 665 . 

4 .  Gadd , C .  W . , "Use o f  a Weighted- Impulse Criterion for Estimating Injury 
Hazard , "  Proceedings of the lOth Stapp Car Crash Conference , 660793 , 1966 . 

5 .  Versace , J . , "A Review of the Severity Index , •  Proceedings of the 15th 
STAPP Car Crash Conference , 7108 8 1 ,  197 1 ,  pp . 771 - 796 . 

6 .  Lissner , H .  R . , Lebow , M . , and Evans , F .  G . , " Experimental Studies of the 
Relative between Acceleration and Intracranial Pressure Changes in Man , " 
Surge1'.)' , Gynecology & Obstetrics , 1960 . 

7 .  Patrick, L .  M . , Lissner , H .  R . , and Gurdj ian , E .  S . ,  "Survival by Des ign -
Head Protection , " Proceedings of the 7th STAPP Car Crash Conference , 196 3 .  

8 .  Gurdj ian, E .  S . , Hodgson, V .  R . , Hardy , W.  G . , e t  al . ,  " Evaluation of the 
Protective Characteristic of Helmets in Sports , •  Jour . of Trawaa , 4 ,  1964 . 

- 241 -



9 .  Stalnaker , R .  L . , Fogle , J .  L . , and McElhaney, J .  H . , 
Imped&nce Characteristics of the Head , • Proceedings 
Biomechanical and Human Factora Conference , 1970 . 

•oriving Point 
of the ASME 

10 . Stalnaker ,  R .  L . , McElhaney, J .  H . , and Roberts , V .  L . , "MSC Tolerance 
Curve for Hwaan Head Impacts , •  Proceedings of the ASME Biomechanical and 
Human Factors Conference , 197 1 .  

1 1 .  Stalnake r ,  R .  L . , Lin, C .  A . , and Guenther ,  D .  A . , •The Application of the 
New Mean Strain Criterion (NMSC) , •  Proceedings of the International 
IRCOBI/AAAM Conference on the Biokinetics of Impacts , Goteborg , Sweden, 
June 1985 , pp . 191 - 209 . 

12 . Stalnaker ,  R .  L . , Low, T .  C .  and Lin, A .  C . , •rranslational Energy Criteria 
and I t ' s Correlation with Head Injury in the Sub-Human Primate , "  
Proceedings of the 1987 International IRCOBI Conference on the Biokinetics 
of Impacts , Birmingham , England , September ,  198 7 , pp . 223 - 238 . 

1 3 .  Stalnaker , R .  L . , McElhaney, J .  H . , Snyder ,  R .  G . , and Roberts , V .  L . , 
"Door Crashworthiness Criteria , •  DOT-HS - 800 - 9 24 ,  National Technical 
Information Service , Springfield , Virginia , 197 3 .  

14 . Roj anavanich , V .  and Stalnake r ,  R .  L . , •Parametric Studies of the 
Translational Head Injury Model , •  Proceedings of the 1988 International 
IRCOBI Conference on the Biomechanics of Impacts , Berqisch-Gladbach , 
F . R . G . , September 1988 , pp . 181 - 194 . 

15 . Roj anavanich , V .  and Stalnake r ,  R .  L . , •sensitivity Analysis for the 
Translational Energy Criteria: Brain lnjuriea , •  Proceedings of the 1989 
International IRCOBI Conference on the Biomechanics of Impacts , S tockholm , 
Sweden, September 1989 , pp . 13 - 2 5 .  

16 . Roj anavanich , V .  and S talnake r ,  R .  L . , •The Development of Approximate 
Imped&nce Functions to Estimate General Hwaan Head Impact Responses for 
Indirect Impacts , "  to be published, 1990 . 

17 . Nahum , A .  M .  and Smith , R .  ll . , •An Experimental Model for Closed Head 
Impact Injury , "  Proceedings of the 20th STAPP Car Crash Conference , 
760825 , October 1976 , pp . 785-814.  

1 8 .  Stalnaker , R.  L . , Kelvin , J .  ll . , Nusholtz , G .  S . , et al . ,  "Hear Impact 
Response , •  Proceedings of the 2lst STAPP Car Crash Conference , 77092 1 ,  
October 1977 , pp . 305 - 3 3 5 .  

19 . Nusholtz , G .  S . , Lux , P . , Kaiker,  P . , and Janicki , M .  , "Head Impact 
Response - Skull Deformation and Angular Accelerations , •  Proceedings of the 
28th STAPP Car Crash Conference , 841657 , November 1984 , pp . 42 - 74 .  

20 .  Kessler , John , •Pedestrian Head Inj uries : Reconstruction and Analys is , "  
ASME Winter Annual Meeting, 87-llA/SAF - 2 , Decellber 1987 . 

2 1 .  Saul , R .  A . , Farson, K . , and Guenther ,  D .  A . , •component Head Test Accident 
Reconstruction Feas ibility Analysis , •  NHTSA Final Report , SRL- 7 3 ,  January 
1986 . 

- 242 -



2 2 .  Stalnake r ,  R .  L. , Roj anavanich, V . , e t  al . ,  "Translational Energy Criteria 
and I t ' s  Applications , "  NHTSA Report , to be publiahed, 1990 . 

2 3 . Kim , J .  S .  and S talnaker,  R .  L . , "Computer Simulation of the Translation 
Energy Criteria , "  User Manual , the Ohio State University , 1990 . 

24 . Hodgson , V .  R .  and Thomas , L .  K . , "Utility of Head Injury Criteria in 
Inj ury Reduct1on , "  Head Inj ury Prevention Paat and Present Research , Wayne 
State University , December 198 5 ,  p .  267 . 

2 5 .  Ulman , K .  S .  and Stalnaker , R .  L . , "Evaluation of the AIS As a Measure of 
Probability of Death , "  Proceedings of the 1986 International IRCOBI 
Conference on the Biomechanica of Impacts , September 1986 , pp . 105 - 119 . 

2 6 .  Kelvin , J .  W . , " Baseball Impacts to Dummy Heads , "  Final Repor t ,  UMTRI - 84 -
36 , University o f  Michigan Transportation Research Institute , 1984 . 

- 243 -


