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ABSTRACT 

     Multi-body simulations of a wide range of impact conditions show that the distance a pedestrian is 

displaced in a crash is inherently sensitive to impact parameters such as relative pedestrian-vehicle 

geometry, pedestrian pre-impact orientation, and ground frictional characteristics. Thus, 

reconstruction techniques, such as the use of throw formulae that solely rely on pedestrian throw 

distance for vehicle impact velocity prediction have large uncertainty associated with them. However, 

using crash simulators, such as PC-Crash, or more advanced multi-body modeling programs, such as 

MADYMO, to account for other crash variables requires iterative simulations at considerably 

increased modeling time. This study compares the absolute accuracy of three methods of impact 

velocity prediction as well as their relative accuracy as a function of computational time. 
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     Crash scene investigators use a vast array of tools to aid in the reconstruction of pedestrian crashes. 

Depending on the level of detail desired, these can range from qualitative analysis of vehicle damage, 

to iterative simulations using multi-body simulation programs that require considerably more 

computational time and user expertise but permit a detailed analysis of the sequence of crash events 

and quantification of impact parameters. The vehicle impact speed is frequently the parameter of 

primary interest in such investigations. In the presence of vehicle skid marks, relatively accurate 

estimates of vehicle speed can be obtained from the distance in which the vehicle came to a complete 

rest (Brooks et al., 1987; Fricke 1990). However, not all pedestrian crashes involve vehicle braking to 

a halt and many modern cars use anti-lock brakes that may not leave any skid marks.   

     In the absence of skid marks, investigators turn to other evidence available from a crash scene for 

vehicle impact speed estimation. Happer et al. (2000) provide a review of these methods and have 

compiled data from a large number of real world crash investigations to relate pedestrian injuries with 

vehicle impact speed. They were unable to find a significant correlation for use in vehicle speed 

estimation, since even low speed impacts can lead to severe injury depending on vehicle contact 

points. They also compiled and reviewed the literature for information on vehicle damage in real-

world pedestrian crashes and staged experiments and derived a set of guidelines for estimating impact 

speed from vehicle damage for adult collisions. Since crash environmental variables, such as vehicle 

type, pedestrian size, and pedestrian pre-impact motion play an important role in determining vehicle 

damage, such an analysis only affords an order of magnitude estimate of the impact speed. 



 

 

     A more quantitative estimate of vehicle speed can be obtained through the use of throw formulae. 

In most pedestrian-vehicle crashes, crash investigators can find reliable evidence of the location of the 

pedestrian just before impact and the position where the pedestrian finally came to a rest. This total 

pedestrian travel distance is commonly referred to as pedestrian-throw distance and is the basis of 

many equations used for the prediction of impact velocity. These equations are either empirical (c.f., 

Evan and Smith, 1999) relating speed estimates from skid marks in real world pedestrian collisions to 

the total measured throw distance, or rely on simplifying assumptions of projectile motion (c.f., Searle 

and Searle, 1983). Although separate equations are derived for passenger cars and flat-front vans, the 

effects of vehicle front geometry, pedestrian anthropometry, and other crash variables are largely 

ignored in these equations. Thus, the regimes of validity and accuracy of these equations is 

questionable and is one of the main themes of this paper. 

     At the expense of significantly increased modeling time, detailed crash reconstruction can be 

performed using a multi-body modeling program such as MADYMO (c.f., Liu and Yang, 2001) that 

permits an accurate representation of most crash variables. Since the equations of motion in such 

simulations can only be integrated forward in time, however, the models need to be run in an iterative 

fashion until a good match is obtained between the target outcome variables (for e.g., the final rest 

position of the pedestrian and vehicle contact points). The large amount of modeling time associated 

with developing geometrically accurate, validated models of the vehicle and human involved, and 

running these models iteratively can make detailed reconstruction prohibitively time consuming. This 

issue was recently addressed by the introduction of a multi-body pedestrian model in the accident 

reconstruction program PC-Crash (Moser et al., 1999, 2000). Although these simulations also need to 

be run iteratively, the extensive database of pre-defined vehicle models already available in the 

program for vehicle-vehicle crash investigations and the simplified scalable pedestrian model (16 

bodies) can be used to significantly reduce the model set up time. In addition, the contact algorithms 

in PC-Crash are simplistic and use a much larger integration time-step, resulting in a much shorter 

simulation time than that possible using MADYMO. The error associated with these simplifications is 

examined in this study. 

       Therefore, this study compares the accuracy of throw distance formulae and PC-Crash 

simulations relative to the variability of throw distance due to crash variables. MADYMO is used to 

simulate a vast range of impact conditions that include varying impact speed, vehicle geometry, 

pedestrian anthropometry, pedestrian pre-impact configuration, ground friction characteristics, and 

vehicle braking characteristics. The results are analyzed to evaluate the effect of these variables on 

pedestrian throw distance. Pedestrian throw formulae are used to estimate the vehicle impact velocity 

from throw distance and iterative simulations are performed in PC-Crash by varying impact velocity 

till the total pedestrian throw distance matches those from MADYMO simulation. The results are 

compared with the true vehicle impact velocity used in MADYMO simulations. Thus, the range of 

accuracy of both throw formulae and PC Crash for vehicle impact velocity prediction in pedestrian 

crashes is quantified. 

 

 

 

 

Figure 1: Pedestrian post impact kinematics: (impacting vehicle is not shown). The kinematics of a 

50
th
 Male pedestrian when impacted by a small car is shown along with the spatial trajectory of a 

pelvis marker (40 km/h impact shown).   



 

 

KINEMATICS OF PEDESTRIAN COLLISIONS 

 

     Ravani et al. (1981) classified pedestrian post-impact kinematics as one of the following 

conditions: wrap trajectory, forward projection, fender vault, roof vault or somersault. The wrap 

trajectory and forward projection are the most common impact scenarios and are the only ones 

investigated in this study.  By definition, a wrap trajectory results when the car impacts a pedestrian 

below the center of gravity (CG) causing the pedestrian to wrap around the hood leading edge before 

being thrown forward. A forward projection is usually assumed to occur when the hood leading edge 

is higher than the CG of the pedestrian, causing the pedestrian to be projected forward with a much 

smaller vertical velocity component.  

     Figure 1 shows the phases of a typical car-pedestrian impact (wrap trajectory). In the case shown, 

the impact of a 50
th
 male pedestrian with a small car braking from 40 km/h is simulated. Under such 

conditions, the pedestrian interacts with the vehicle (not shown) for approximately the first 300 msec 

and finally comes to a rest after approximately 2.5 seconds. The spatial trajectory of the lower-torso 

consists of three parts: an initial dip as the pedestrian falls onto the vehicle (contact phase or carry 

phase), an approximately parabolic path (flight phase) as the body moves through the air, and finally a 

ground interaction phase, which involves bouncing and sliding. The total horizontal displacement of 

the lower torso marker has been referred to as the pedestrian throw distance in this paper. When the 

vehicle front is flat relative to the pedestrian (forward projection), vehicle contact lasts only for 

approximately 100 msec, and the trajectory of the lower torso does not show the initial dip and does 

not achieve a height significantly greater than its starting value. 

 
THROW DISTANCE EQUATIONS: A large number of throw distance equations have been 

proposed in the crash reconstruction literature. Many of these are based on analytical models that 

assume that the pedestrian kinematics can be approximated as a particle (Schmidt and Nagel, 1971; 

Aronberg and Snider; 1994; Searle and Searle, 1983; Szydlowski and Jenkins, 1993; Fricke, 1990; 

Stcherbatcheff, 1975; Eubanks, 1994) or as a single segment rigid body (Wood, 1991; Wood, 2000).  

In this study, we concentrate on two of the most commonly used mechanics-based throw equations: 

the Searle Equation (Searle and Searle, 1983; Searle, 1993) for wrap trajectories, and the 

Northwestern Equation (Fricke, 1990) for forward projection. The Searle Equation computes the 

projection velocity of the pedestrian from the total trajectory (flight plus bounce and slide) of a body 

projected at an angle φ as 
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where s is the total slide distance, µ is an equivalent coefficient of friction for pedestrian ground 

interaction (recommended value for dry or wet asphalt is 0.66), and g is the acceleration due to gravity. 

Since the projection angle, φ, is not easy to determine from a scene investigation, the minimum and 

maximum values of the velocity are usually computed: 
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Equation [2] provides bounds on the pedestrian projection velocity. For obtaining the vehicle velocity 

Searle and Searle (1983) recommend dividing by a projection efficiency of 0.726 for adults and 0.813 

for children.  

     The Northwestern Equation (Fricke, 1990) computes the trajectory of a falling projectile that is 

elevated to the height of the pedestrian’s center of gravity, Hcom, and imparted a horizontal velocity, v. 

The distance traveled before impact with the ground, Dfall, and subsequent sliding, Dslide, are computed 

as:  
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If the total throw distance is known, s, is known, then Equation [3] can be solved for the impact 

velocity, v. 



 

 

     Besides the analytical models of pedestrian throw described above, a large number of authors have 

attempted to derive empirical relationships from real world accidents (Stürtz and Suren, 1976; Hill, 

1994; Dettinger, 1997; Appel et al., 1975; Randles et al., 2001) and staged dummy collisions (Severy 

and Brink, 1966; Kuhnel, 1974; Kramer, 1975; Stcherbatcheff et al., 1975; Janssen and Wismans, 

1985; Haight and Eubanks, 1990; Fugger et al., 2000; Fugger et al., 2002; Otte and Pohlemann, 2001). 

While there is uncertainty associated with the real world field data, most of those crash investigations 

predate the introduction of anti-lock brakes and thus reasonably accurate vehicle speed estimates have 

been obtained from skid marks. Similarly, while the impact velocity is known for staged collisions, 

the biofidelity of the dummy used and thus the reliability of the reported post impact kinematics is 

questionable.  In most cases, these studies recognize that the analytical models proposed in the past 

are of the form sv ∝ and therefore aim to find the proportionality constant that best fits the 

available data. Happer et al. (2000) have combined the data from many of the sources mentioned 

above (a total of 106 cases of forward projection, and 202 cases of wrap trajectory are analyzed) and 

report the following cumulative fits to the data: 

4.04.11 −= sv   for forward projection, and         … …  [4] 

6.27.12 −= sv   for wrap trajectory,       … …  [5] 

where, v is vehicle impact velocity in km/h and s is throw distance in meters. Other proposed 

regression fits to throw distance data (such as Otte and Pohlemann, 2001) yield similar results as the 

Happer curves. 

 

METHODS 

 

     A set of 57 crash scenarios involving three vehicle geometries and five pedestrian sizes were 

simulated in MADYMO. The motion of a marker on the center of gravity of the lower torso was 

recorded and the total throw distance was computed. For each case, vehicle impact velocity estimates 

were obtained using the Searle Equation, the Northwestern Equation and the Happer Equations. 

Iterative simulations of some of the cases were performed using PC-Crash.  

 
MADYMO SIMULATIONS: Table 1 shows the matrix of MADYMO simulations performed. This 

simulation matrix was designed in order to study the pedestrian throw trajectory due to changes in: 

• Vehicle impact speed, 

• Pedestrian anthropometry, 

• Vehicle type, 

• Vehicle braking characteristics during the impact phase, and 

• Pedestrian pre-impact orientation. 

 

     All the variations were studied with respect to a base (comparison) case in which the vehicle 

decelerates under displacement controlled conditions at a rate of 0.7 g (which corresponds to fully 

locked brakes) from 40 km/h and impacts an adult (50
th
 Male) or child (6 YOC) pedestrian facing 

perpendicular to the direction of motion of the car.  A coulomb friction model with frictional 

coefficients of 0.5 for vehicle contact and 0.7 (based on Wood et al., 1991) for ground contact is used 

to model contact with the pedestrian.  

 
MADYMO VEHICLE MODELS:  Three vehicle models (Figure 2) that represented a typical small-

sized car, a mid-sized car and an SUV were developed. For the mid-sized car, an ellipsoid 

representation was used and the stiffness properties were based on EEVC pedestrian subsystem 

impact test results obtained from the Euro NCAP (see also Liu and Yang, 2001). For the small car and 

the SUV, geometrically detailed facet surface models were built from finite element meshes for these 

vehicle fronts. Facet surface modeling in MADYMO permits a complex geometry to be 

approximated by a mesh of triangular and quadrangular facets. Stiffness characteristics for these facet 

surface models were derived from finite element simulations of the impact of the vehicle with a free 

flight rigid head form. These characteristics were subsequently validated by comparing experimental 

EEVC subsystem impactor tests with simulations in MADYMO. 



 

 

Table 1: Matrix of Simulations Performed 

1 Base case: Vehicle braking (0.7 g) from 40 km/h, pedestrian standing still, with feet together, facing lateral to car, ground 

friction coefficient = 0.7. 
2 Facing away from car: Base case with pedestrian facing away from car (i.e. the pedestrian is struck from behind) 
3 No vehicle braking: Base case with no vehicle braking during pedestrian impact phase. 
4 Decreased ground friction: Base case with pedestrian-ground friction coefficient reduced to 0.4. 

 
MADYMO PEDESTRIAN MODELS: Pedestrian models for a 6 Year Old Child (YOC), 9YOC, 

5
th
% Female, 50

th
% Male, and 95

th
% Male were developed using a scalable pedestrian model 

available in MADYMO. These models consist of 52 articulated rigid bodies to which 64 ellipsoids 

and 2 planes are attached. The model is intended to be multi-directional and has been validated 

against cadaver tests in the pedestrian impact loading configuration (Yang et al., 2000).  

 

RESULTS 

 

     Figures 3(a,b,c,d) show the effect of vehicle impact velocity on pedestrian kinematics. Figures 3(a) 

and (b) show the spatial trajectories for markers attached to the lower torso of the pedestrians for a 

child (6YOC) impacted by an SUV, and for an adult (50
th
 Male) impacted by a small car. These 

conditions represent qualitatively different situations for pedestrian kinematics. In the first case, the 

pedestrian (child) is impacted with a relatively flat front (SUV) resulting in little upward motion of 

the lower torso and forward projection kinematics. Vehicle contact lasts for a short time (90 msec for 

the child impact at 40 km/h) and the time of free flight is short (secondary ground contact started at 

150 msec for child impact at 40 km/h).  

 

 
Figure 2:  Relative geometry of the vehicle and human models used. A rigid FE mesh is used to 

describe the small car and the SUV. An ellipsoid description of the mid-size car is used. 
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     The second case is an example of wrap trajectory. The adult pedestrian is impacted significantly 

below the lower torso, causing the upper body to wrap around the hood (characterized by an initial dip 

in the spatial trajectories shown in Figure 1 and 3(b)) before being projected upward and forward. For 

the impact of the small car with the adult (50
th
 Male) pedestrian, vehicle contact continued until 270 

msec and the free flight phase ended at 1050 msec.  

     Since forward projection and wrap trajectory are qualitatively very different, it is important to 

identify the range of impact conditions which result in each of these kinematic sequences. Figure 3(c) 

shows the peak percentage change in elevation of the lower torso when the three vehicle types impact 

the adult (50
th
 Male) and child (6YOC) pedestrian.  It is seen that the conditions of forward projection 

(small upward projection) only exist for SUV–child impacts. In both of the other two cases of child 

impacts (impact with a small car and mid-size car), even though the Hood Leading Edge (HLE) 

impacted the child at or above the center of gravity, a significant component of the imparted velocity 

is in the upward direction. This is also evident from Figure 4(a), where it can be seen that the spatial 

trajectory resulting from an impact with a small car are similar to that from a wrap trajectory 

regardless of pedestrian anthropometry. For the adult pedestrian cases (Figures 3(c), and 4(a)), the 

impact with the SUV is the closest to forward projection kinematics, but even for that case, at higher 

speeds, the rise in lower torso elevation was greater than 50% of the initial elevation.  

     Figure 3(d) shows the effect of speed on the total throw distance. It is seen that the child-SUV 

(forward projection) simulations do not result in the highest throw distance. In fact, though there is 

variation in total throw at any given speed, no clear trend that relates vehicle geometry to total throw 

is evident. 

 

 

 
                                   (a)      (b) 

 

 
                                    (c)      (d) 
Figure 3: Effect of vehicle speed: 

(a) and (b): Trajectory of the lower torso marker for speeds ranging from 20 km/h to 60 km/h for the 

impact of an SUV with a child (6YOC), (a), and small-car with an adult (50
th
 M) pedestrian, (b). 

(c) and (d): The peak elevation of the lower torso marker as a percentage increase over initial 

elevation, (c), and the total throw distance, (d), as a function of vehicle impact velocity for the impact 

of an adult (50
th
 M) and a child (6 YOC) pedestrian with the three vehicle types simulated. 



 

 

 
   (a)      (b) 

Figure 4: Effect of pedestrian anthropometry: Spatial trajectories of the lower torso for the impact 

of a small car with pedestrians of varying heights, (a), and total throw distance as a function of 

pedestrian stature, (b), for the three vehicle types simulated (impact at 40 km/h). 

 
     Figures 4(a) and (b) show the effect of pedestrian anthropometry on pedestrian kinematics and 

total throw distance. While the child pedestrians are not elevated to the same height as the adult 

pedestrians, the elevation of adult pedestrians does not show the same trend. The total throw distance 

shows no trend with anthropometry or change in vehicle type but has a maximum variation of 45%.  

     Figures 5(a) and (b) show the effect of pedestrian orientation on pedestrian kinematics. The 

kinematics of a pedestrian facing away from the impacting car is qualitatively very different from that 

of a lateral facing pedestrian. The forward facing adult pedestrian wraps around the car front, remains 

in contact with the car for up to 950 msec, has a much shorter free flight phase, and exhibits a lower 

peak elevation than that in a lateral impact. These differences occur because there is lower resistance 

offered by most human joints (knees, pelvis and spinal joints) to such a loading environment. Since, 

this effect is more pronounced for the wrap trajectory cases, pedestrian orientation has a 

comparatively smaller influence on pedestrian trajectory and throw distance for the impact with the 

SUV, the vehicle with the flattest front. 

     Figure 6(a) shows the effect of reducing the coefficient of friction for the interaction of the 

pedestrian and the ground from 0.7 to 0.4. This range of values is based on a literature review of 

ground frictional characteristics by Wood et al. (1991). As expected, reducing friction increases total 

throw distance. In the case of the SUV-child impact, the throw distance increased by as much as 

212%. Besides increasing the total throw, reducing ground friction caused the secondary pedestrian-

ground interactions to change from predominantly bouncing to almost completely sliding. 

     Figure 6(b) shows the effect of vehicle braking during the pedestrian impact phase on the total 

throw distance. While vehicle braking reduces the total throw in every case, the effect is small in 

comparison with the effect of variations in other impact variables investigated here. In the worst case 

(SUV-child impact) this resulted in an increase of 23.2%. 

 
   (a)              (b) 

Figure 5: Effect of Pedestrian pre-impact orientation:  

(a) Spatial trajectory of the lower torso of an adult (50
th
 M) pedestrian facing away from an 

oncoming small car compared with that of a pedestrian facing lateral to car. 

(b) Peak elevation as a function of pedestrian orientation for an adult (50
th
 M) and child (6YOC) 

pedestrian for the different vehicle types simulated.  



 

 

 
        (a)           (b) 
Figure 6(a): Effect of ground friction on total throw distance for the adult (50

th
 M) and child (6YOC) 

pedestrian when impacted by the three vehicle types studied. 

Figure 6(b): Effect of vehicle braking during the pedestrian impact phase. For the simulations without 

braking, the vehicle moves at a constant velocity (40 km/h) during the impact phase and is then 

abruptly halted to prevent secondary pedestrian-vehicle interaction. (Adult is 50
th
 M, Child is 6 YOC) 

 

 

 

 
   (a)              (b) 

 
   (c)              (d) 

 

Figures 7(a,b,c): Comparison of spatial trajectories of the lower torso predicted by MADYMO and 

PC-Crash simulations of a small car impacting an adult (50
th
 M), (a), an SUV impacting a child 

(6YOC), (b), and the total throw distance for adult (50
th
 M) and child (6 YOC) pedestrians for the 

three vehicle types simulated, (c). Numbers in parenthesis show the impact speed predicted by PC-

Crash for throw distances from MADYMO simulations. 

Figure 7(d): Comparison of spatial trajectories of the lower torso from MADYMO simulations of a 

small car impacting a biofidelic adult model (77 kg) and a non-biofidelic (mass reduced to 32 kg) 

adult model. 

 



 

 

 
        (a) 

 
        (b) 
Figure 8: Comparison of vehicle impact velocity predicted by throw formulae with that from 

MADYMO simulations for impact of children (6YOC and 9 YOC), (a), and adults (5
th 

F, 50
th 

M, 95
th
 

M), (b), with the three vehicle types studied. Results from MADYMO simulation with decreased 

ground friction are not included on this plot. 

 

     Figures 7(a,b) compare the trajectory of the lower torso from PC-Crash simulations of the adult 

impact with a small car and child impact with an SUV. For the PC-Crash simulations, the impact 

conditions were chosen to be similar to those modeled in MADYMO. The same production vehicle 

models simulated in MADYMO were picked from the PC-Crash vehicle databases. Frictional 

characteristics (pedestrian-vehicle and pedestrian-ground) and vehicle braking characteristics were set 

to be the same as in the MADYMO simulations. However, for stiffness (and contact) characteristics 

the default values for the vehicle and human model in PC-Crash were used. From Figure 7(b), it is 

evident that the pedestrian trajectory by PC-Crash for the SUV-child impact has a much larger vertical 

displacement than that predicted by MADYMO and results in a much larger total throw. This was true 

of all the child simulation (Figure 7(c)), with the total throw predicted by PC-Crash being greater than 

those from MADYMO simulations as much as 95%.  For the adult simulations, the effect is reversed, 



 

 

with PC-Crash predicting lower peak elevation (Figure 7(a)) and lower total throw distance, (Figure 

7(c)).   

     Iterative simulations were performed with PC-Crash by varying the vehicle impact speed until the 

total throw distance predicted matched that from MADYMO simulations. This predicted vehicle 

impact velocity (shown in parenthesis in Figure 7(c)) had a maximum error of 33% for the child 

simulations and 15% for the adult simulations. 

     The errors in the PC-Crash results may be due to a variety of reasons. These include simplistic 

contact models and numerical integration routines, and the use of human models that are less 

biofidelic than those in MADYMO. Biofidelity of the dummy is of concern in staged experiments 

reported in the literature as well. Since dummies validated for use in pedestrian impact loading are not 

readily available, it is commonly assumed that correct dummy mass distribution and joint loading 

characteristics are not critical to obtaining accurate kinematics in studies where the goal is to simulate 

the total throw of the pedestrian (for instance, Haight and Eubanks, 1990, used an adult dummy that 

weighed only 32 kg). Figure 7(d) shows results that test this hypothesis by comparing MADYMO 

simulations of the impact of a small car and an adult pedestrian (1.7 m tall), with reduced mass (32 

kg). The resulting trajectory has a peak elevation that is 16.6% higher and a total throw distance that 

is 19.8% smaller than that using a model that weighed 77 kg.  

     Figure 8 compares the vehicle impact velocity predicted by throw distance equations with actual 

vehicle velocity from MADYMO simulations for child and adult pedestrian impacts. Results from 

simulations using reduced friction for secondary pedestrian-ground interaction are not shown on this 

plot. As shown in Figure 6(a), under conditions of reduced friction the throw distance is much higher 

and would result in much higher impact velocity predictions when used with throw formulae.  

     The Searle Equation provides accurate bounds for the vehicle velocity for most of the simulations 

especially at higher speeds. However, it should be noted that for larger throw distances, the predicted 

velocity ranges are wide (greater than 20%). Furthermore, Searle et al. (1983) derives throw equations 

to predict the initial velocity of the pedestrian, which they argue is lower than that of the vehicle.  In 

order to compute vehicle impact velocity, they recommend scaling the velocity by using a projection 

efficiency (ratio of pedestrian velocity to vehicle velocity) of 0.726 for adults and 0.813 for children. 

When scaled as recommended, the vehicle speed range predicted by the Searle Equations does not 

include the correct speed in any of the child or adult cases. 

     In comparison with the scaled Searle Equations, the Northwestern Equation, which is only 

intended for forward projection and would thus be commonly applied to child impacts or adult-SUV 

impacts, predicts impact velocities much closer to the velocities simulated in MADYMO. For the 

SUV-child impact, at 40 km/h, the Northwestern Equation predicted a speed of 35.3 km/h (error 

13.3%). In fact, the equation appears to provide reasonable approximation even for cases not 

classified as forward projections in this study (i.e., all impact combinations other than child-SUV). 

However, it should be noted that for these cases the equation incorrectly partitions the trajectory into 

fall and slide. For instance, for the impact of a 6 YOC with a small car at 40 km/h, the Northwestern 

Equation predicts an impact speed of 38.25 km/h (error < 5%) but the predicted slide distance, 8.2 m, 

is over twice that from MADYMO simulations (3.8 m). 

     In comparison with the two physically based throw models (Searle, and Northwestern), the 

empirical equation based on data from real world crashes and staged dummy collisions presented by 

Happer (Happer et al., 2000), came closest to predicting the true simulated impact velocity over the 

entire range of speeds for both adult and child collisions. 

     The sensitivity of throw distance simulated by MADYMO to variation in crash parameters is 

evident from Figure 8. At 40 km/h, the throw distance can vary by as much as 25.3% for child 

impacts and 50.5% for adult impacts without including the effect of varying ground friction, which 

can cause the variation in throw distance to be greater than 200%. However, even if the effect of 

friction is not included, the sensitivity of the relationship between throw distance and impact velocity 

to crash variables implies that there is uncertainty inherent in vehicle speed estimation using throw 

distance formulae. For instance, for adult pedestrian impacts at 40 km/h, the variation of throw 

distance from 10.3 m to 15.5 m corresponds to vehicle speed estimates of 36.2 km/h to 44.5 km/h 

using the Happer empirical equation for forward projections, 38.2 km/h to 47.4 km/h using the 

Happer empirical equation for wrap trajectories, 34.6 km/h to 44.1 km/h using the Northwestern 

Equation.  



 

 

DISCUSSION 

 

     There are a variety of methods available for vehicle impact speed estimation in pedestrian crashes. 

Vehicle skid marks have the potential of providing the most accurate measure especially at higher 

speeds. However, with Anti-Lock Brakes becoming increasingly popular in vehicles, skid marks are 

becoming less common and crash scene investigators are increasingly relying on other scene evidence, 

such as throw distance, for vehicle speed estimation.  

     It is apparent from the results presented in this study that the functional relationship between 

vehicle impact velocity and total throw distance is inherently sensitive to other crash parameters such 

as relative pedestrian vehicle geometry, pedestrian orientation and ground frictional characteristics. 

Thus, crash reconstruction techniques that rely solely on total throw distance measurements have a 

large uncertainty associated with vehicle impact velocity predictions.  For instance, the results 

presented show that for the range of impact conditions considered here, 

• Relative vehicle-pedestrian geometry affects total throw distance by up to 45%; 

• Pedestrian orientation affects throw distance by up to 28%; 

• No vehicle braking during the impact phase affects throw distance by up to 23%; and 

• Decreasing ground friction affects throw distance by up to 212%. 

     This sensitivity of throw distance to crash variables implies an uncertainty in impact velocity 

predictions using throw equations. For instance, using the Happer Wrap Equation, 

)2/(7.12 ssv ∆=∆ . Therefore, the corresponding uncertainty in the impact velocity prediction for 

a 40 km/h impact and the range of impact conditions considered here is 

• 9.6 km/h due to the effect of relative vehicle-pedestrian geometry; 

• 5.9 km/h due to the effect of pedestrian orientation; 

• 4.9 km/h due to the effect of vehicle braking deceleration; and 

• 45.0 km/h due to variations in ground friction. 

     Since this uncertainty is associated with crash variables not explicitly accounted for in throw 

equations (pedestrian orientation, anthropometry, vehicle geometry, etc), any throw formula proposed 

that does not account for these variables is expected to have similar uncertainty associated with 

vehicle velocity predictions.  

     One way to account for relative vehicle-pedestrian geometry when using throw formulae is to 

classify pedestrian kinematics as forward projections or wrap trajectories and to use separate 

equations for each case. For instance, the Searle Equation is considered appropriate mainly for wrap 

trajectories, while the Northwestern Equation is intended for use only in forward projections. 

However, the results presented here show that of all the vehicle and pedestrian combinations studied, 

the velocity imparted to the pedestrian was primarily horizontal only for the SUV-6YOC impact. Thus 

the assumption that a forward projection results if the Hood Leading Edge (HLE) is above the 

pedestrian’s center of gravity is not always correct.  

     Most throw formulae are either derived by accounting for the physics of projectiles or are least 

square fits of data from real world crashes or staged collisions. The Searle Equation and the 

Northwestern Equation belong to the first class of models. The Searle Equation for wrap trajectories 

performed poorly over the entire range of conditions simulated. The Northwestern Equation, which is 

intended only for forward projections, provided much better estimates for all the cases simulated. 

However, this is only coincidental because in almost every case the equation incorrectly partitioned 

the trajectory into fall and slide.  

     Since it is difficult to develop an analytical model with a closed form solution that can adequately 

deal with the mechanics of the interaction of a multi-body system with a complex geometry, empirical 

fits to experimental data may be the most appropriate means of estimating vehicle impact velocity 

from throw distance. These equations provide the additional convenience of being easy to update and 

fine-tune as more experimental data becomes available. In this study, the empirical equation proposed 

by Happer et al. (2000) is compared with results from MADYMO simulation and is found to 

outperform the other throw formulae considered. However, in order to reduce the uncertainty in the 

results associated with velocity predictions, these equations need to be updated to be explicitly 

dependent on crash variables. In particular, it is important that the dependence of throw distance on 

the coefficient of ground friction is modeled.  



 

 

     In addition, it is important to quantify the effect of biofidelity of the dummy used in the staged 

collisions, which are the source of much of the experimental data on which empirical equations are 

based. A preliminary analysis carried out here suggests that using dummies with an incorrect mass 

distribution can introduce significant errors in the kinematics of the pedestrian and total throw 

distance.   

     The importance of biofidelity of the human model is also considered in simulations using PC-

Crash. A comparison of the trajectory of the lower torso and the total throw distance of the pedestrian 

from MADYMO and PC-Crash showed significant differences. This could be due to a variety of 

reasons that include the simplistic contact models used and the lack of biofidelity of the pedestrian 

model. While some validation of the human model (Moser et al., 1999, 2000) has been performed, 

additional studies that include validation of the flight phase and ground interactions using experiments 

with biofidelic pedestrian dummies or cadaveric surrogates are needed. It should be noted that such 

experiments have never been performed in the past. Experiments using cadaveric surrogates have only 

been performed for the vehicle impact phase. The staged collisions described earlier, do include 

ground interactions, but the dummies used in these experiments are not biofidelic. As a result, the 

MADYMO pedestrian models used in this study have only been validated for the vehicle impact 

phase (Yang, et al., 2000). This validation did not include matching post-impact velocities of the body 

segments, which is the most important parameter for post-impact free-flight kinematics. Thus, 

although this paper assumes that multi-body modeling using MADYMO provides more accurate 

results than PC-Crash because of the more biofidelic models available, the MADYMO pedestrian 

models need to be further validated for use in throw distance studies. 

     In summary, three methods of vehicle impact velocity prediction from throw distance have been 

considered in this study. Since most throw formulae are algebraic equations that can be solved in 

closed-form on a hand-held calculator, they are the least expensive method from a computational 

standpoint. However, throw distance is inherently sensitive to crash parameters not modeled by these 

equations. Thus, these equations can be used only to get a first estimate of the vehicle speed for the 

idealized set of conditions for which they were derived, such as a straight moving, braking vehicle 

impacted in the center by a lateral facing pedestrian standing still.  For non-ideal conditions, such as 

impact near the fender of the vehicle, a crash simulator, such as PC-Crash can be used to get insight 

into the crash events and pedestrian kinematics. Since these are multi-body simulations, the 

differential equations of motion need to be numerically integrated. In the absence of closed form 

solutions, these models are run iteratively until crash scene evidence (such as vehicle contact points 

and throw distance) can be matched. However, although there is a much increased computational 

expense associated with such simulations, model set-up in PC-Crash requires little user-input, because 

of the availability of a large database of vehicles and an easily scalable pedestrian model. However, as 

has been shown in this study, biofidelity of the human models and advanced contact modeling 

techniques are important for throw distance simulations. Thus, for a more accurate analysis, multi-

body impact modeling programs, such as MADYMO, that make use of validated pedestrian models is 

recommended. However, the development of validated vehicle models and the computational time 

required for each simulation is considerably higher and iterative modeling by varying crash 

parameters to match crash scene evidence can be prohibitively time consuming. Thus, an efficient 

strategy for detailed crash reconstruction using MADYMO is to use throw distance and PC-Crash for 

obtaining starting estimates for use in iterative multi-body simulations using MADYMO.   
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