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ABSTRACT 

Truck and bus frontal impacts account for a major proportion 
of pedestr ian fata l ities i n  many l ess motorized countries. To 
understand this phenomenon, we have collected injury data on 
pedestrian impacts with buses and trucks and performed computer 
s imulations to identify critical design parameters at 1 5-45 km/hr 
impact velocities for further investigation. A male dummy which 
was scaled to 50 percentile I ndian dimensions has been used for 
simulations using MADYMO 5.2. Bumper height, bumper offset and 
gri l le inclination affect the pelvis and thorax forces and H I C  values 
critical ly.  Bumper width has less effect. An exhaustive set of 
s imu lations was performed to opti mize for the above-mentioned 
three parameters. Changes in front geometric parameters reduce 
injury to the upper body and head below safety l imits for the 
existing force-deflection properties but do not affect leg 1n1unes 
sign ificantly. Hence bumpers need to be made less stiff. l njury data 
show that pedestrians also sustain t ibia fractures in bus/truck 
impacts in apparent low velocity impacts. The computer Modeling 
does not offer adequate explanation for this phenomenon. These 
s imu lat ions confirm that it is theoretica l ly  possib le to make 
truck/bus fronts safer for pedestrians in impacts up to 35 km/hr. 

VULNERABLE ROAD U S E RS (VRUs)  in Delh i  comprise a bout 
75% of al l fatalities and trucks and buses are involved in 60-70% 
of the known fatal crashes. This pattern is very d ifferent from that 
obtained in the highly motorized nations where buses and trucks 
are not involved in such a high proportion of fatalities. S ince most 
of those ki l led in impacts with buses and trucks are VRUs, we must 
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give much more attention to · designing safer front structures for 
these vehicles. 

Safer truck fronts developed for pedestrians would also be of 
benefit to bicyclists since impact forces are not l ikely to be very 
different in the two cases. As use of bicycles and walking becomes 
more popular in the highly motorized nations, safer truck front 
designs would be beneficial there also. In addition, similar designs 
could be incorporated on buses and trams also. 

In this work we have modeled truck pedestrian impacts using 
the MADYMO 5 .2  s imulation program and developed o ptimized 
design criterion for safer truck fronts at different impact velocities 
in order to minimize injuries to the pedestrian by varying height, 
width and offset (from front panel) of bumper, angle of bus front 
with vertical ,  and force deflection properties of truck front above the 
bumper. 

M ETHODOLOGY 

lnjury data for truck - pedestrian impacts was collected from 
Delhi hospitals to understand the epidemiology of these crashes. 
A pedestrian model representing fifty percentile Indian male ( 1 .65m 
height and 57 kg weight) and models of truck types existing in lndia 
for use in MADYMO 5.2 software were prepared for analyzing of 
truck- pedestrian impacts. The force -deflection properties of the 
front panels of trucks were determined using quasi-static test. 
These models were then further used to optimize the truck front 
properties in order to minimize the injuries caused to pedestrians. 

DATA COLLECTION Four major hospitals in Delhi  were 
contacted to obtain details of injuries sustained by pedestrians in 
impacts with buses and trucks and case files examined to assess 
the qual ity of data available. Most of the case files in hospitals 
conta i ned very l itt le ep ide miolog ical  info rmation regard i n g  the 
crash.  We included only those files where description of both the 
type of road user and the type of vehicle impacting the victim was 
available. However, this limits the representative nature of the data 
available. We could not access the details of pedestrians brought 
dead to the hospital owing to legal reasons. Therefore, the data 
collected in this project represents less severe crashes. Also, the 
data obtained include road crash victims mostly from the Delhi 
metropolitan area and hence has an urban bias and represents 
impacts at lower velocities. 

Hospital records were examined to extract files of those cases 
where the victim was suspected to be a pedestrian and the 
impacting vehicle a bus or a truck ( In lndia buses and trucks are 
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Figure 1 :  The flat front truck 

built on the same chassis and have similar fronts). 350 cases were 
identified for the period 1 January 1 997 - 31  October 1 997. An 
examination of the identified case files showed that only 94 out of 
the 350 cases were actually pedestrians, 68 were victims of bus 
impacts and 26 of trucks. 

THE PEDESTRIAN MODEL - The basic pedestrian dummy 
used in  this project is based on the work done by Yang et a l . (1 997). 
The body segment size, mass and inertia for fifty percentile Indian 
male (height 1 .65 m and weight 57 kg) (Mohan et a l . ,  1 997) are 
estimated using G EBOD (Generator of Body data). The joint angle 
characteristics for pedestrian are based on the model by lshikawa 
( 1 993). 

The Part 572 crash dummy used in MADYMO 5 .2  does not 
give results compatible with tests on biological specimens (Wijk et 
al . ,  1 983; Janssen et al, 1 986; Yang et a l . ,  1 994 ). This provided the 
im petus fo r the development of a deta i led ped estr ian l ower 
extremity model .  The model of the human knee used in this project 
is based on the work done by Yang and Kajzer (1 992). This model 
uses planes and el l ipsoids to model the skeletal components of the 
knee joint. The lateral femur condyle and the med ial femur condyle 
have been represented by one el l ipsoid each. The femur condyle 
1s modeled by a plane. This Modeling takes into account the 
geometric shape of these bones. The soft tissue structures as 
major l igaments and the joint capsule are modeled by spring type 
elements. 
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Figure 2 :  The bannet front truck 

We have used the Head lnjury Criterion (H IC)  for estimating 
severity of head injury. Values greater than 1 000 have been 
considered unacceptable .  Thorax deceleration was used as a n  
ind icator o f  severity of thoracic injury. A tolerance level of 588 m/s2 

(60g) sustained for 3 ms or langer by the center of gravity of thorax 
was used to ind icate a severe ehest inju ry (AIS >= 4 ) . We have 
chosen to use 4 kN as upper limit for bu mper impact force on tibia 
(Hoefs et a l . ,  1 987) .  Although the truck pedestrian collisions are not 
d i rectly comparable to this study because of d ifferent direction of 
impact force, this was the best estimate we could get in absence 
of relevant data. In case of femur, the maximum allowable value of 
7 . 5  kN was used (Gibson et a l . ,  1 986). A value of 1 0  kN was used 
as the u pper allowable l imit of force on pelvis (Mohan et a l . ,  1 997). 

TRUCK MODELS - Two truck 
shapes are use in lndia : with a flat 
front (Figure 1 )  and with a bannet 
front (Figure 2) .  Both types of trucks 
w e r e  c h o s e n  f o r  a n a l y s i s .  
D imensions of parts of fronts of 
these trucks critical for pedestrian 
i m pacts such as bumper  he ight, 
width and offset and dimensions of 
front pane ls were measured .  The 
d istance between the radiator and 

Dumpe 
ofTset (5c�)/17-"""=--

0umpcr i �:::>----\n 
width 1 , --.._=--.._ 
( 17.5cm) 

Dumpcr 

the front panel was measured and ---­
included in  the model .  The truck Figure 3: The MADYMO 
fronts were approximated by planes model of the flat front truck 
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and el l ipsoids. In  this paper, we · present results for only two models 
due to space constraints but they are sufficient to cover al l the 
essential findings. Figures 3-4 show these models. 

Bumper widt 1 7.Scm) 

Figure 4 :  The MADYMO model of the 
bannet front truck 

I Bumper 1 height (83cm} 

P r e l i m  n a r y 
s i m u l a t i o n s  w e r e 
p e r f o r m e d  u s i n g 
a s s u m e d  f o r c e -
deflection p ropert ies of 
truck parts in order to 
d e t e r m i n e  t h e  f r o n t  
contact points with the 
dummy. We determined 
these po ints  both for 
p e d e s t r i a n  c o l l i s i o n s  
with the truck at the 
middle of front panels as 
weil as at  an offset. The 
f o r c e  d e f l e c t i o n  
p r o p e r t i e s  o f  f r o n t  
p a n e l s  a t  t h e s e  
l o c a t i o n s  w e r e 

determined in quasi-static tests. S ince bumpers are very stiff 
compared to the human body, they were assumed to be rigid. 
H e n ce t h e i r  fo rce-defl ection p ropert ies  were not determ ined .  
lnjuries to legs and pelvis were calculated assuming worst case 
scenario. The legs of the pedestrian were so oriented that only one 
leg suffered initial impact. lf both the legs contact the bu mper 
simultaneously, then the force on each leg will be less. 

Simulations were done for each model at velocities of 1 5  
km/h, 25 km/h, 35km/h and 4 5  km/h. The flat front model was 
chosen for optimization of the truck front parameters for the 
s impl icity of its design. MADYMO 5.2 includes an optimization 
program called Madimizer. This program searches for an optimum 
solution in a prescribed domain by approximating objective function 
and constraints by linear functions. However, due to the nature of 
the optimization problem and also the high sensitivity of H I C  for 
changes in head acceleration, this optimization method did not give 
consistent results in d ifferent runs. Hence we chose to do an 
exhaustive evaluation by dividing the design parameter domain 
into equally spaced points and running a simulation at each point. 

The optimization was done for impact of pedestrian side with 
middle of the truck front. But these results are valid for impact at an 
offset also, as only force-deflection curve and bumper extensions 
are different and these aspects are anyway being considered in 
optimization. Although force deflection characteristics are different 
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g r i l l e ,  t h e  warst case force 
deflection curve (which is at the 
center  of m idd le  g r i l l e )  was 
assumed for the whole gril le for 
r e d u c i n g  t h e  c o m p l e x i ty  o f  
opt im izat i o n .  T h i s  opt imi zati on 
d o es not encompass i m pacts 1. with the front of the dummy as 
t h i s  d u m m y  h a s  n o t  b e e n  

/ 1 validated for such impacts by 
5oo l / 1 comparing the simulation results 

, 1 w i t h e x p e r i m e n t a l  r e s u l t s .  

0 1 /,,,.�
·
· . ___._ _ _._ 

1 However we simulated this kind 
o 2 3 4 5 s 1 of impact also for the optimized 

Olsplacement (cm ) 
______ J designs to get an idea of their 

Figure 5: Force - deflection 
curve for the front panel of the 
flat front truck 

performance .  T h e  o pt im izat ion 
was done for a truck velocity of 
3 5  k m / h  a n d  a c o n s t a n t  
deceleration of 0.5g as H IC and 

3ms criterion for ehest are within tolerance l imits up to 25 km/h. 
The force-deflection curve for gri l le was kept constant because 
being the most important parameter influencing the injury criteria, 
it could easily subdue the effect of variation in the geometric 
parameters. We evaluated the effect of varying each parameter 
individually before a full scale optimization starting from the existing 
parameters values, so that less important design parameters could 
be eliminated in order to reduce number of simulations. The results 
for  u n mod if ied and  opt im ize d  ____ _ 

truck fronts are discussed in the . Fore• 1N1 

next sections. 

RESUL TS AND DISCUSSION 

The injury data showed that 
on ly  7% of the 350 crashes 
i n v o l v i n g  t r u c k s  a n d  b u s e s  
i n c l u d e d  v i c t i m s  w h o  w e re 
occu pants of cars,  55% were 
vulnerable road users, 21  % bus 
c o m m u t e r s ,  8 %  other  t ruck 
occupants , and 1 0 % u n known. 
These data show that in lndia, 
even in urban areas, trucks have 
a s i g n if icant  i nvo lvement  with 
pedestrians and motorcycle and 
b i c y c l e  r i d e r s .  T h e r e f o r e ,  
truck/bus fronts would have to 
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Figure 6: Force - deflection 
curve for the front panel of the 
bannet front truck 

IRCOBJ Cm!fere11ce - Götehoq;. September 1998 



optimized for erashes with al l · kinds of road users. Out of 94 
pedestrians 67% were in 1 5-44 years of age, 20% above 45 years 
and 1 3  % between 0-14 years of age. I n  l ndia the proportion of 
population in the age g roup 0-14 years is estimated to be 40% . The 
data indieates that ehildren are under-represented as a proportion 
of the i r  popu lat ion i n  t h e  pedestr ian-truek/bus i mpaets. The 
d istribution of injury by body part and severity is  shown in  Table 1 .  
7 1  % of the severe injuries (AIS� 3) are reeorded for pelvis and 
lower extremities. This is probably beeause the impaets are at 
lower veloeities and also beeause the front panels of trueks and 
buses at head and ehest level are made of relatively soft sheet 
metal. Only 4 out of the 94 eases were fatal. There were 1 7  injuries 
to the lower extremities at the level of the knee and lower with 
severity AIS�2.  This is interesting as the height of the bumper in 
buses and trueks o n  the roads in l ndia is higher than the knee 
level. The meehanism of these injuries needs further investigation. 
l t  is possible that data sourees whieh include impaets at higher 
veloeities would involve a higher proportion of head and ehest 
injuries. 

Table -1  Distribution of injury by body part and severity 

Severity of lnjury by AIS 

Body part .! � 2 1 � 
Head/neck 8 4 0 

Face 1 7  0 2 0 0 

Chest 2 2 2 0 0 

Abdomen 0 4 0 0 0 

Shoulder/arm 7 6 0 0 0 

Forearm 5 5 0 0 0 

Wrist/hand 8 0 0 0 

Elbow 3 0 0 0 

Pelvis 2 8 3 0 0 

Thigh 5 6 9 0 0 

Knee 6 0 0 0 

Leg 5 4 3 0 0 

Ankle 0 0 0 0 

Foot 7 8 0 0 0 

Unknown 8 

The experimental foree - defleetion curves for the grilles of the 
flat and the bannet front truck are given in Figure 5-6. Bu mpers 
have been assumed to be rigid. I n  the next section we deseribe the 
results for the flat and bannet type trueks for impacts with the front 
as weil as the side of the dummy. 
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0 ms 8 0  ms 
F R O NTAL I M PACT WITH T H E  
S I D E  OF THE DUMMY 

Fiat Front Truck The 
kinematics of impact of the side 
of dummy at middle of the truck 
front is shown in Figure 7 and 
m a x i m u m  v a l u e s  o f  i n j u r y 
parameters are given in Table 2 .  

The left upper leg hit by  the 
b u m per  su stains force g reater 
than 7 .5 kN at velocities 25-45 -------

Figure 7: The Kinematics of 
impact between the flat front 
truck and the side of dummy 

km/ h .  This can cause severe 
injuries to the leg. The other leg 
s u f fers  f o r c e s  a n  o rd e r  o f  
magnitude less than the leg hit 
directly. As the bumper height is 

high at 89 cms, the pelvis (lower torso) is hit d irectly by the bumper. 
Even at a low impact velocity of 1 5km/h, the pelvis experiences a 
force of 9.4 kN.  Hence bumper height has to be reduced to avoid 

Table 2 - lnjury parameters for frontal impact at middle of flat truck 
model with side of dummy. 

Velocity Left Right Righl 
upper upper lower 
leg- leg- leg-
bumper bumper bumper 
force force force 

(Km/h) illil illil i!S!:::!1 
15 2.7 0 0  0.0 

25 10.8· 0.0 4.5· 

35 17.4. 0.4 1 1 .6· 

45 2 1 . 1 ·  2.0 1 7.3· 

• parameters exceeding the safety limits. 

Left Pelvis -
lower bumper 
leg - force 
bumper 
force 

illil illil 
0.0 9.4 

.01 15.o· 

0.4 19.4. 

0.2 24.2· 

Pelvis - Lefl 
midgrille upper 
force arm -

bumper 
force 

illil illil .. 
0.0 2.4 

0.00 4.2 

0.00 5.8 

0.0 7.4 

HIC Upper 
torso 3ms 

acc. 

80.4 247 

316.9 515 

755.2· 775• 

1451· 1023.7" 

•• Not critical for safety of the pedestrian but high value will result in shou/der injury. 

the pelvis region. Only the right lower leg suffers a high force. This 
forces increases with increase in velocity and becomes very high 
at 45 km/h. This force is not caused by a direct impact with bumper 
but when the pedestrian is thrown away at a high speed after 
coll ision and the lower legs impact the truck. This is shown by the 
kinematics in Figure 7. The hospital injury data also show fractures 
to the tibia . However, at present we are not very confident about 
this result due to two reasons. The cumulative due to rounding off 
errors in numerical integration becomes large in later steps of 
simulations when this collisions occurs. Secondly, the behavior of 
lower extremity depends strongly on the joint properties which have 
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to be determined very accurately. 

Head, thorax and upper left arm experience low severities at 
1 5  km/h impact. H I C  is below 1 000 for impact velocities below 35 
km/h but exceeds the l imit at 45 km/h. 3ms criterion for thorax 
(upper torso) is below the safely limit of 60g at impact velocities 
less than 25km/h but exceeds the l imit at 35 and 45 km/h. This is 
in conformance with the hospital based observations that injuries 
to head and ehest were less severe compared to lower extremities 
at low impact velocities. The upper arm force is low only at 1 5  km/h 
and is high for 25-45 km/h. 

The pelvis does not collide with the g ri l le in the unmodified 
design of this truck model so this force is zero at al l  speeds. 
However the force on pelvis due to bumper impact is very high as 
discussed earlier. 

Bonnet Front Truck - The kinematics of impact at middle 
position on the truck front is shown in Figure 8 and the maximum 
values of injury parameters are g iven in Table 3. 
Table 3 - lnjury parameters for frontal impact at middle of the 
bannet type truck model with side of dummy. 

Left u pper leg sustains a high force even in impacts at 1 5  
km/h. This is d ifferent from the flat front model .  Force on right 
u pper leg is higher compared to the flat front but still is one order 
of magnitude less than that on left u pper leg. Right lower leg also 
suffers higher forces except at 25 km/h. However, pelvis suffers a 
lower force compared to the flat front model. This effect is due to 
a lower bumper height. This ind icates the possibility of changing 

t h e  m a g n i t u d e s  
o f  f o r c e s  o n  
lower extremit ies 
b y  v a r y i n g  
b u m p e r  h e i g h t .  
I n  this model, the 
pelv is does not 
hit the gri l le. 

T h e  l e f t  
u p p e r  a r m  
s u f f e r s  l i t t l e 

0 ms 5 0  ms 

force. lt is only 
1 .5 kN even at 
45 km/h. This is 
b e c a  u s e t h e 

Figure 8:  The Kinematics of impact between 
the bannet front truck and the side of dummy 

gri l le is qu ite soft. 
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O ms 
1 0 0  ms 

Figure 9 :  The kinematics of impact 
between the flat front truck and the 
front of dummy 

This is also the reason for 
a lower 3 m s  v a l u e  fo r 
upper  torso even at 45 
km/h compared to the flat 
front model although it is 
still beyond the safety l imit. 
However ,  H I C  is h i g h e r  
compared to the flat front 
model because the head is 
col l id ing with the lead ing 
edge of the bannet. Since 
the bannet is stiffer at the 
corner (whe re t h e  head 
coll ides) and comparatively 
soft e r  (whe re t h e  u p p e r  
torso hits ) ,  the impact force 
is mostly shared by the 
head. This can also result 

in severe injuries 
given in Figure 8. 
not recommended. 

even at 1 5  km/h as evident form the kinematics 
These kinds of trucks (with a bannet in front) are 

We changed force - deflection properties of the upper part of 
front panel where the head impacts and inferred that maximum 
forces on u pper legs and lower legs do not depend on these force­
d efl ect io n propert i e s .  H e n c e  d u r i n g  des ig n ,  fo rce-d eflect ion  
properties of the upper portion of gr i l le and bumper can possibly be 
treated separately. 

Velocity Left Right Right Left Pelvis - Pelvis - Left HIC Upper 
upper upper lower lower bumper midgrille upper torso 
leg- leg- leg- leg- force force arm 3ms acc. 
bumper bumper bumper bumper force 
force force force force (mls2) 

(Km/h) 1hlil 1hlil 1hlil 1hlil 1hlil 1hlil .(hlil„ 
1 5  8.6· 0.0 0.0 0.0 6.0 0.0 0.7 146.0 136.3 

25 16.2· 2.7 0.2 0.0 8.9 0.0 1.0 389.6 269.8 

35 21 .3° 5.1 1 3.0· 0.0 1 1 . 1 "  0.0 1 .2 828.1 401.9 

45 25.9° 8.5° 24.4° 0.6 12.4° 0.3 1.5 1 664° 558.1· 

* parameters exceeding the safety limits. 
** Not critica/ for safety of the pedestrian but high value will resu/t in shou/der injury. 

I M PACT WITH TH E FRONT OF DUMMY - Impact of the front of 
pedestrian dummy with truck front was analyzed for the flat and 
bannet types of truck models. The results obtained have been 
discussed in fol lowing sections. These results should be accepted 
with caution as the dummy used in simulations has not been 
validated by experiments for such impacts. 
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O ms 

4 0ms 

Figure 1 0: The kinematics of 
impact between the bannet front 
truck and the front of dummy 

Fiat Front Truck 
The kinematics of impact 
of the front of dummy at 
middle of the truck front 
at is shown in Figure 9 
a n d  t h e  m a x i m u m  
v a l u e s  o f  i n j u r y 
parameters are shown in 
Table 4 .  

Both upper legs 
suffer high forces left 
upper leg at 45 km/h and 
right upper leg at 35 and 
45 km/h. This is d ifferent 

from impact with the side of dummy where only the leg d i rectly hit 
by bumper (upper left leg) sustains high impact forces and the 
forces on the other leg are low. However the maximum magnitude 
of this force is lower. This is also true for lower legs. This indicates 
that in impact involving the front of dummy, both legs are equally 
vu lnerable to injury although possibly the mJunes will be less 
severe. Magnitude of force on pelvis remains same for both types 
of impacts but force on upper arms is lower. 

Table 4 - lnjury parameters for frontal impact at middle of the flat 
front truck model with front of dummy. 

Left Right Right Left 
Velocity upper upper lower lower 

leg- leg- leg- leg-
bumper bumper bumper bumper 
force force force force 

(km/h) � � � � 
1 5  0.2 0.9 0 0 

25 0.8 8.2' 0.07 4.8· 

35 6.0 14.3' 3.0 8.5' 

Pelvis- Pelvis Left 
bumper grille upper 
force force arm-

grille 
force 

.illil � .illil„ 
8.9 0 0.5 

15.1' 0 2.0 

19.5' 0 3.7 

Right 
upper 
arm-
grille 
force 
�·· 
0.4 

1.8 

3.6 

HIC Upper 
torso 
3ms 
acc. 

(mls'l 

108.7 186.5 

51 1 . 1  431.5 

1 389.8. 766.r 

45 12.8· 19.1• 12.1· 15.2· 24.0• o 4.9 4.9 2151.6' 1 1 30.2· 

* parameters exceeding the safety limits. 
** upper arm forces are not critical for the safety of pedestrian but high va/ue will resu/t in shou/der 
injury 

HIC is higher at all speeds compared to impacts with the side 
of the du mmy. The d ifference is more at 35 and 45 km/h and H IC 
is  much g reater than 1 000. 3ms acceleration is  higher for side 
impacts except at 45 km/hr and the difference decreases with 
velocity. I m pact with this truck model can cause severe injuries to 
neck as is evident from the kinematics given in Figure 9.  
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Bannet Front Truck - The kinematics of impact of the front of 
du mmy at middle of the truck is shown in Figure 1 0  and the 
maximum values of injury parameters are shown in Table 5. 

Table 5 : l nju ry parameters for frontal impact at middle of the 
bannet type truck model with front of dummy. 

Left Right Right Left Pelvis- Pelvis- Left Right HIC Upper 
Velocity upper upper lower lower bumper grille upper upper torso 

leg- leg- leg- leg- force force ann- ann- 3ms 
bumper bumper bumper bumper grille grille acc. 
force force force force 

(km/h) .ili!::!..l .ili!::!..l .ili!::!..l .ili!::!..l lhl::!.l lhl::!.l lhl::!.l„ lhl::!.l„ (mis'l 

15 0.5 5.5 0 0 7.2 0 0.3 0.1 212.6 149.6 

25 6.3 12.6· 0 0 10,9· 0 0.7 0.6 523.3 296.9 

35 14.4. 18.6. 0 0 13.4. 0 0.9 0.8 1 149.6. 477.7 

45 20.3· 21.a· 0 0 14.0· 0.09 1.0 1.0 2055,5· 652.2· 

* parameters exceeding the safety !imits. 
** upper arm forces are not critical for the safety of pedestrian but high value will result in shoulder 
injury 

Both upper legs sustain high forces. Right upper leg has a 
force greater than the prescribed safety limit above 25 km/h and 
left upper leg above 35 km/h. However, the maximum of these 
forces is lower compared to that in impact with the side of the 
dummy. As mentioned earlier, this indicates the vulnerabil ity of 
injury to both legs. These simulations were performed only for 1 00 
ms at 1 5  km/h and 40 ms at 45 km/h because due to high force 
sustained by the head, the dummy restraints during simulation are 
violated beyond this duration. Hence forces on lower legs could not 
be ascertained as bumper hits them at a later time in simulations. 
Forces on u pper arm and pelvis are same for both types of impacts 
and are quite low. Compared to the flat front model, forces on legs 
a re higher but force on pelvis is lower. This is due to reduction in 
bumper height. 

H IC is higher for impact with dummy front especially at 45 
km/h where it has a very high value of 2055. This is due to impact 
with the sharp edge of bannet. 3ms for ehest is also h igher for 
these impacts. Such impacts may result in severe injury to neck as 
the head collides against the hard corner of bannet and ehest 
against a much softer gri l le as is evident from kinematics. 

OPTIMIZATION OF THE FLAT FRONT TRUCK MODEL - lt 
was found that variation in bumper width does not cause as much 
changes in the various injury criteria compared to the other factors. 
lt does not affect forces on right upper leg, pelvis and left upper 
a rm and causes small changes in 3ms acceleration for the ehest. 
Change in H I C  and force on right lower leg is less compared to 
changes caused by the other factors. Hence the bumper width was 
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e l im inated from considerat ion . i n  fu l l  scale o pt imization .  Also,  
increase in bumper width decreases a l l  lnJUry criteria unl ike other 
para meters . After opti m iz ing  the rest of the parameters, a 
convenient value of bumper  width can be chose n .  Moreover, 
change in bumper width leads to change in effective bumper 
height, so that bumper width cannot be increased beyond a certain 
value. I n  the final  optimization ,  we chose to vary bumper offset, 
bumper height and front panel slant only. We used 5 values for 
bumper height measured from the upper edge (85 cm, 80 cm, 75 
cm, 70 cm and 65 cm), three values for gri l le slant angle (0°, 1 0° 
and 20°) slant and five values for bumper offset (5 cm, 1 0  cm, 1 5  
cm, 20 cm and 25 cm). S imulations were performed for each 
combination of the aforementioned values of the parameters. Thus 
a total of 75 simulations were performed. 

lt is interesting to note that the bumper impact forces on left 
upper leg and pelvis are affected mainly by bumper height. The 
effects of bumper offset and g ri l le slant can be neglected for 
optimizing impact forces on the upper leg . This is so because 
these forces arise due to initial impact with bumper which is not 
influenced by bumper offset and grille height. 

The optimum design parameters are different for different 
safety criteria. We rejected all the designs where H IC values were 
g reater than 900 and 3ms acceleration values for ehest greater 
than 500. We did not consider designs where bumper height is 80 
cm or above in order to reduce high forces on pelvis, upper right 
leg and lower legs due to impact with bumper and g ri l le. However, 
bumper at this lower height can stil l cause injuries to smaller 

O ms 5 0  ms 

Figure1 1 :  The kinematics of 
impact between the optimized 
flat front truck and the side of the 
dummy 
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people. lt wil l also have to be 
reduced, if the bu mpers of cars 
and trucks have to be made at 
the  s a m e  h e i g h t  i n  future.  
T h u s  the i s s u e  of b u m pe r  
heights for trucks has to be 
furthe r  investigated in deta i l .  
We fu rt h e r  e l i m i n a t e d  a l l  
designs  with offset less tha n 1 0  
c m  from consideration as other 
configurations give lower injury 
severity values. lt was found 
that the effect of a la rg e r  
bumper offset i s  similar to that 
of a g reater front panel slant. lt 
i s  a d v i s a b l e  to  u s e  l a rg e r  
b u m p e r  offsets rather  t h a n  
g iv ing  fro nt  pane l  s lant for 
safety of smaller people. We 
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have not considered designs which provided for a front panel slant. 
This leaves only two configurations which are given in Table 6 
along with values of injury criteria. 

The forces on the upper left leg are same for all short-listed 
configurations and are higher than prescribed limit. One way to 
reduce injuries to the leg which is directly hit by bumper is to make 
the bumper less stiff. However, a compliant bumper changes the 
effective bumper offset. This effect of using a compliant bumper 
requires further investigation. The force on the right upper leg also 
remains same for al l configurations and is quite low. The left lower 
leg is not d i rectly hit by the bumper in all cases. The force on right 
lower leg does not vary more than 1 .8 kN.  

The kinematics of impact of the side of dummy at the middle 
of the second optimized truck front is shown in Figure 1 1 .  Results 
of impact between the front of dummy and the truck for these 
optimized configurations are shown in Table 7. Although H IC and 
3ms acceleration values for the ehest are below the safety limits for 
theses two design configurations in case of impact with the side of 
dummy, they are very high for impact with the front of dummy. The 
forces on the legs are also very high. However, the direct impact 
between pelvis with bumper and gril le has been avoided. This 
ind icates that the injury criterion is d ifferent for the impacts of the 
truck front is with the pedestrian side and front. Hence, it is 
necessary to consider impact with both the side and the front of 
dummy before decid ing the final design configuration .  

CONCLUSION 

In this project we have evaluated the inJury producing 
characteristics of the most commonly used trucks in l ndia. The field 
studies show that there are two basic shapes we have to be 
concerned with : flat front and front with bonnet. The simulations 
show that it would be easier to provide a safer front with the flat 
front type rather than the bonnet type. The designs of the latter 
trucks make it very d ifficult to provide surfaces which reduce head 
and neck injury. This is because the leading edge of the bonnet 
occurs at head height or just below it. Therefore, we recommend 
that truck fronts should be almest vertical and flat so that their 
properties can be designed to optimize for minimum head and neck 
injury. 

Head, thorax, pelvis, upper arms and lower and upper legs of 
pedestrians sustain severe injuries in case of impacts with fronts of 
all models of trucks at high velocities. Impacts with current models 
of trucks on I ndian roads result in severe injury to the directly hit leg 
even at 25 km/h. At 35 and 45 km/h, head and ehest sustain 
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unacceptable injuries (Table 2-5). Bumpers which are at the same 
height as pelvis produce severe hip injuries. S ign ificant reduction 
in injuries can be achieved by altering the geometry of truck fronts 
as weil as the force- deflection characteristics of the panels. 
Bumper height, bumper offset from the front and angle of truck 
front with vertical are the main geometric features of truck fronts 
influencing inJunes. Bumper width influences inJunes to a lesser 
extent but increasing bumper width leads to reduction in all lnJUry 
criteria s imultaneously, u n l i ke the other g eometrical parameters 
which reduce some injury criteria at the cost of others. However, 
this effect needs to be analyzed further using more sophisticated 
techniques including FEM analysis. 

Pelvis injuries can be minimized for a fifty percentile I ndian 
male if the top edge of bumper is below 75 cm. lt is possible that it 
would have to be lower at 70 cm for the safety of shorter people. I n  
this project w e  did not consider bumper height below the knee of 
fifty percentile I ndian male. However, this aspect deserves attention 
if the truck and car bumpers have to be made at the same height. 
Direct bumper-knee impact is to be avoided for a majority of victims 
i nvolved in crashes. For a fifty percentile I ndian male , maximum 
bumper width can be 25 cm avoiding direct impact of bumper with 
both the pelvis and the knee (assuming the top bumper edge to be 
at 75 cm). Providing bumper offset reduces injuries to head and 
thorax in case of impacts with the side of dummy. Most trucks on 
I ndian roads have small offsets including few recently launched 
models. Our investigations ind icate that these models are not safe 
for pedestrians. Our simulations indicate that a bumper offset of 20-
25 cm is required for a fifty percentile I ndian male. Although 
increasing the angle of front panel reduces the injuries to head and 
thorax, same effect could be achieved by g iving more bumper 
offset. Providing bumper offset is easier. 

By optimizing the geometrical parameters, injuries to head 
and ehest have been reduced below the safety l imits for impacts 
with the side of du mmy up to speeds of 35 km/h without changing 
the force- d eflect ion curve. However, impact of the optimized 
designs with the front of dummy gives very high values of H IC and 
Chest at 35 km/h . The final force- deflection properties and 
geometrical parameters of truck panels should be decided after 
considering impacts with the side as weil as the front of dummy for 
different d imensions of pedestrians. 

The simulations performed in this project show that lower legs 
hit the bu mper as the body rotates after the impact resulting in 
injuries. The injury data obtained from Delhi hospitals also shows 
fractures to lower extremities at heights of leg lower than the 
bumper height .  However, we are not certain of the mechanism of 
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1nJury as modeled with the current inputs and the magnitude of the 
impact force cannot be considered accurate as this impact occurs 
later in simulation and by that t ime the cumulative error in 
calculation becomes quite large. More deta i led work would be 
necessary both in determining the epidemiology of leg injuries in 
real world crashes and in validation of simulations. Forces on 
upper legs are determined primarily by height of the bumper. 
However varying bumper height alone is not enough to reduce the 
forces below the safety limit. lt is required to make the bumpers 
softer by covering them with softer material. 

Since the dummy used in this project is not validated for 
impacts involving its front, only a few preliminary observations 
could be made for such impacts. Impacts with the dummy front 
result in higher value of HIC compared with impacts with the 
dummy side. Head hits the grille before the thorax. Both legs suffer 
high forces unl ike impacts with the dummy side where only the leg 
directly hit by bumper undergoes a high force. Upper arm force is 
lower in these impacts. F u rther  stu d i e s  need to be d o n e  to 
evaluate details of injuries in a frontal impact with the dummy. I n  
addition the final optimization would have to include pedestrians of 
different and sizes. 
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