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bstract

When it was introduced in 2001, the Han-Brach

vehicle-pedestrian impact model was fitted to

various experimental data to evaluate its perfor-
mance against test data to establish the empirical parame-
ters utilized in the model. It was also compared graphically
to various data sets and other pedestrian impact models
to assess the ability of the model to capture the physics of
pedestrian impacts. The current research used experimen-
tal data generated at the 2017 ARC-CSI conference in Las
Vegas, NV, where detailed data were collected from nu-

merous vehicle-pedestrian impact tests, to further evaluate
and validate the model. These more detailed data facilitate
new comparisons of results produced by the model. The
analysis showed that the Han-Brach mechanics model cap-
tured the dynamics of these experimental trials. Additional
insights into the ranges of the empirical parameters used
in the model were generated using these new data. In ad-
dition to the analysis using the experimental data, three
examples are presented in the paper that show various ap-
plications of the Han-Brach mechanics model to recon-
struct a variety of vehicle-pedestrian collisions.




Introduction

‘The variety of algebraic formulas and physics models
used for the reconstruction of pedestrian impacts can
be separated into three categories: 1) empirical models,
2) mechanics models, and 3) multi-body modeling pro-
grams. These three categories have also been previously
named as Type I, Type I and Type 111, respectively.' Type
I models are generally based on fitting a mathematical
function to experimental dara resulting in some form of
a regression equation that relates the speed of the vehicle
to the throw distance (or vice versa). Various accounts of
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Type I models are available in the literature.
ous Type | models were compiled into a software appli-
cation.” Type Il models are based on the principles of en-
gineering mechanics inc]uding impulsc—m(}mcntum and
rectilinear motion. These models also relate the speed of
the vehicle to the throw distance of the pedestrian (or
vice versa). Type I1I models are also based on principles
of mechanics, but these models treat the pedestrian as
a multibody system and allow for the geometry of the
vehicle that interacts with the pedestrian to be explic-
itly modeled with high fidelity."” These models may also
incorporate finite element methods. Numerous publi-
cations exist for each of these three categories and deal
with one or more of the generally recognized pedestrian
impact configurations: wrap, forward projection, fender
vault, roof vault, and somersault.”

The introduction of Type Il models is more recent and,
due to the complexity of the models, is largely based in
dedicated, commercially available software that runs the
models. The three most common software programs
in the field of crash reconstruction that include these
models are MADYMO,” PC-Crash * and HVE.” Vari-
ous publications dealing with these programs present the
theory behind the models and explore the applicability
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and validity of these programs. 13 Some publica-

tions take a broader approach and assess all three types of
vehicle-pedestrian accident reconstruction methods.'""
One paper considers the use of a Type Il model to evalu-
ate the results of analysis done using a Type 111 model.!

The research presented here focuses specifically on the
development of the Type I models (mechanics models)
used for the reconstruction of vehicle-pedestrian crashes
and the validation and use of one of the models specifi-
cally (Han-Brach)."” The focus on mechanics models is
motivated by a need for a useful method for reconstruct-
ing vehicle-pedestrian crashes that incorporates variables

and parameters that accommodate the range of physi-
cal evidence available after a crash. For example, if the
longitudinal AV of a vehicle involved in a crash with a
pedestrian were known from imaging the event data re-
corder (EDR) post-crash, this physical evidence cannot
be used with empirical models as empirical models do
not contain this parameter. Type III multi-body models
can incorporate these data, but these tools generally re-
quire considerable training and practice to master, and
in some cases, significant expense. These Type 11 models
are particularly useful when the motion of the pedestrian
(arms, torso, head, etc.) or the interactions between the
pedestrian and the vehicle (i.e. hood and/or windshield
deformation) need to be analyzed.

Vehicle-Pedestrian Mechanics Models

Examination of the literature associated with mechanics
models for vehicle-pedestrian collisions shows that one
of the first publications that presented this topic was the
section on pedestrian throw in the book by Collins.'
In this treatment, Collins presented an equation for the
throw distance with two components: one component
related to the horizontal distance traveled during the
airborne trajectory and a second equation for the travel
of the pedestrian along the roadway prior to coming to
rest. The next paper thar tackled this topic was written
by John Searle and Angela Searle."” In that paper, the
authors presented a theory for the total trajectory of the
pedestrian from impact to rest. The equation presented
there provides the speed of the vehicle at impact as a
function of the throw distance. The equation is:

V2Hgs

o (cosB+usind)

(1)

In this equation, g is the frictional drag coefficient be-
tween the pedestrian and the roadway, § is the throw
distance (the toral travel distance of the pedestrian from
impact to rest), V'is the initial velocity of the pedestrian
at separation from the vehicle, and 0 is the launch angle
of the pedestrian relative to the roadway. In the deriva-
tion, the height of the center of mass of the pedestrian at
impact is assumed to be level with the roadway. In this
equation, the value p applies to the total throw distance,
not just the portion of the throw distance in which the
pedestrian is engaging the roadway. In a later paper,'
Searle presented the derivation of an alternative formula
that also relates the vehicle speed to the throw distance




of a pedestrian. In this approach, the change in height of
the center of mass of the pedestrian from the time of im-
pact to the time at rest was included. This alternative for-
mula is:

_ V2ug(S+uH)

o (cosO+usind)

)

In this equation, u is the frictional drag coefficient be-
tween the pedestrian and the roadway, 6 is launch angle
of the pedestrian relative to the roadway, S is the throw
distance, Vis the initial velocity of the pedestrian and H is
the change in height of the center of mass of the pedestrian
from launch to impact with the roadway (H is positive for
an increase in height). In this equation, the value u again
applies to the total throw distance, not just the portion of
the throw distance in which the pedestrian is engaging the
roadway.

Another paper that considers the pedestrian throw prob-
lem from the perspective of classic kinematic equations is
Aronberg.”* He presents a detailed analysis of the general
problem of the throw distance incorporating arbitrary CG
height at launch and explicitly including the apogee of
the postimpact flight of the pedestrian in the equations.
This development addresses the kinematics of the pedes-
trian but does not include analysis of the impact between
the vehicle and the pedestrian or the impact between the
pedestrian and the roadway. In a subsequent paper,”® the
author considers the impact between the pedestrian and
the roadway including a description of testing that shows
the impact with the ground does affect the stopping dis-
tance of the pedestrian. The results of that testing validate
the need for a Type II pedestrian throw model to include
the impact between the pedestrian and the roadway in the
model.

The Han-Brach Mechanics Model

The Han-Brach vehicle-pedestrian impact model," intro-
duced in 2001 and built on the previous Type II mod-
els, provides the means to analyze and reconstruct vehi-
cle-pedestrian crashes using the principals of Newtonian
mechanics. The model provides an approach different
from the numerous empirical models that have been the
mainstay of vehicle-pedestrian impact analysis and recon-
struction for the last three decades of the 20th century.
These empirical models were based on experimental data
and generally provided an algebraic relationship between
the measured speed of the vehicle at impact and the re-
sulting measured throw distance of the pedestrian. Thus,
these empirical models did not involve the specifics of the
collision to be reconstructed (vehicle mass, etc.) or any of
the physical evidence generated during the investigation
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other than the throw distance itself (which is frequently
unknown). Consequently, these Type I empirical models
offered no means to utilize any available physical evidence
in the reconstruction of a crash. Type II mechanics models
provide this capability.

In the original publication, the Han-Brach mechanics
model was fitted to the experimental data available at the
time to establish the values and ranges of the various pa-
rameters utilized in the model and to assess the overall
agreement between the model and the data. The result of
this fitting process, with the appropriate ranges of empiri-
cal parameters determined in the analysis, showed that the
model agreed reasonably well with the data. However, the
experimental data used in the analysis, the best available at
that time, were quite general. These data provided essen-
tially only the speed of the vehicle and the throw distance
and generally did not include parameters such as the mass
of the test vehicle and the pedestrian dummy, roadway-
vehicle and roadway-pedestrian drag factors, etc. These,
and other quantitative parameters, are integral to the me-
chanics model. A distinct advantage of a Type II model
that includes these parameters is in the evaluation of the
uncertainty of a crash reconstruction. The uncertainty of
the result of a reconstruction due to the variation in a given
parameter can only be evaluated if the model incorporates
that parameter. This is a very important consideration of
the selection of a model for reconstructing a pedestrian
crash.

For example, the uncertainty of the reconstructed preim-
pact speed of a vehicle due to the variation of the frictional
drag between the pedestrian and the roadway (perhaps us-
ing a high-low calculation approach) can be evaluated only
if the frictional drag is a parameter in the model. For the
case of any of the Type I models, the value of frictional
drag does not appear, so the uncertainty of those empiri-
cal models to that parameter cannot be calculated. It is
very important to point out that the confidence intervals
that are typically provided as part of the empirical models
(the 85th percentile confidence intervals, for example) do
not quantify the uncertainty for a particular crash recon-
struction. These bounds associated with a given set of ex-
perimental data quantify the uncertainty of the data from
all the tests in the compilation. For example, variation is
introduced into the resulting data in that the masses of the
different vehicles used in the tests, which were generally
not recorded as they do not appear in the model, results in
uncertainty in the throw distances. In aggregate, the un-
certainty quantified by the percentile bounds is not the
uncertainty of any given reconstruction or trial but rather
the quantification of the uncertainties of all the trials in the
population that were run. This uncertainty comes from the
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variety of vehicles that were used in the tests, the variety of
manikins that were used in the tests, the different clothing
on the manikins, the different roadway surfaces, etc. These
uncertainties are independent of, and do not apply to, the
uncertainties of a specific crash that is being reconstructed.

It might be argued that the uncertainty captured by the
confidence intervals in a Type I model likely provides
reasonable bounds for the reconstruction of any particu-
lar crash. Supporting that argument is the large range of
throw distance captured by the intervals. For example, in
one plot of experimental data of over 90 tests * the range of
the 85" percentile bands is approximately +10 kph (+6.2
mph). It may be for some reconstruction applications this
range is acceptable; in other applications it may not be ac-
ceptable.

The analysis presented here utilized more complete data
sets that included the details needed for direct comparison
between the Han-Brach Type II mechanics model and a
given test. For example, the data collected during the tests
included here utilized, among other measurements, video
of the impact and the post-impact trajectory of the mani-
kin and the vehicle. The video allowed for analysis of the
times associated with the various phases of the test. This
level of detail was never available in prior data. Additional
measurements collected during the testing were the throw
distances, the pre-impact speeds of the vehicles, the accu-
rate masses of the manikins and the vehicles at the time
of the test, and the heights of the centers of mass of the
manikins, among other parameters. Some parameters were

Sp

estimated from the video, including the flight distance of
the manikin and the distance the vehicle moved during the
contact interaction with the manikin.

The Vehicle-Pedestrian Impact (Type II) Mechanics
Model

Figure 1 shows various vehicle and pedestrian positions
corresponding to a wrap vehicle-pedestrian event. Also in-
cluded are the various physical distances and some other
physical parameters that are associated with the postimpa-
ct motion of the vehicle and the pedestrian. Initial contact
between the front of the vehicle and the pedestrian occurs
at time 7 = 0 with the velocity of the vehicle of . The ve-
hicle and pedestrian move forward at different speeds until
time, 7 = 7, when a secondary impact between the torso
(and possibly the head) of the pedestrian and the hood of
the vehicle occurs. Between 7= 0 and 7 = 7, the center of
gravity of the pedestrian has moved forward a distance x,
and is at a height, 4, above the ground as shown in the dia-
gram. As the diagram implies, the derivation of the model
equations is made with the assumption that the postim-
pact motions of both the vehicle and the pedestrian lie in
the same geometric plane in which the x-axis lies along the
heading of the vehicle and the y-axis is perpendicular to the
roadway. In general, this assumption is reasonably met in
actual collisions. The motion of the pedestrian is modeled
as a point mass, i.e. the rotational inertia considerations
of the torso and/or appendages is neglected. Additionally,
any aerodynamic effects of the flight of the pedestrian are
neglected.

Figure 1: Diagram showing coordinates and variables associated with the
Han-Brach vehicle-pedestrian Type II collision model
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For a forward projection collision, the user-specified val-
ue of x, is zero and there is no secondary impact between
the pedestrian and the vehicle. Because of the impact, the
pedestrian is projected forward instantancously and is
launched in an airborne trajectory with a velocity of v,
and at an angle 6. In general, for a forward projection col-
lision, the initial angle of motion of the pedestrian is paral-
lel to the road, i.e. 6 = 0°. The trajectory of the pedestrian
has a range (the distance parallel to the ground) of R and
reaches the ground at time 7 . At that time, the pedestrian
impacts the ground with velocity components parallel and
perpendicular to the ground determined by the trajectory
and the initial speed. Due to the impact with the roadway,
the pedestrian undergoes a change in speed (A1) that has
two components, one along the roadway (the x-axis) and
another perpendicular to the roadway (the y-axis).

From the location of the center of gravity (CG) of the pe-
destrian at the time of the ground impact to the location
of the CG of the pedestrian at rest, a distance s, the pedes-
trian is assumed to be uniformly decelerated with a sliding
frictional drag factor, f. The motion of the pedestrian over
the distance s typically consists of a combination of roll-
ing, sliding and tumbling. It is assumed that this motion
does not include any impacts with other environmental
features (such as a curb, a tree or any other vehicle). The
total travel distance of the pedestrian from initial contact
with the vehicle to rest is the throw distance, s. It is as-
sumed that from the time of separation of the pedestrian
from the vehicle to the time of rest, 7, the pedestrian mo-
tion is completely independent of the vehicle. To provide
a degree of generality for reconstructions, the vehicle mo-
tion is allowed an arbitrary travel distance s, from 7 = 7, to
7= 7, over which its velocity remains constant. Following
this, the vehicle decelerates to rest over a distance s, with
drag factor, 2,. Note that the distance s, can be zero if the

[
physical evidence dictates.

For a wrap trajectory collision, x, is not zero and a second-
ary impact occurs between the pedestrian and the hood
and/or the windshield. Because of the impact at 7= 7, the
pedestrian “wraps” up onto the hood of the vehicle and is
launched in an airborne trajectory with an initial veloc-
ity of v , at an angle 0 to the roadway when the vehicle is
decelerated. The trajectory has a range (distance parallel
to the ground) of R and reaches the ground at time 7 . At
that time, the pedestrian impacts the ground with veloc-
ity components perpendicular and parallel to the ground
determined by the trajectory and the initial speed. As in-
dicated in Figure 1, the model allows for a slope of the
roadway along the direction of motion of the pedestrian
and the vehicle. This slope is shown as ¢ and is assumed
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to be the same for the vehicle and the pedestrian over the
respective ranges of motion.

Due to the impact with the roadway, the pedestrian under-
goes a sudden change in speed that has two components,
one along the roadway (the x-axis) and another perpendic-
ular to the roadway (the y-axis). From the point of ground
impact to the point of rest, a distance s, the pedestrian is
assumed to be uniformly decelerated with an initial speed
following the impact with the roadway (and the associ-
ated AV) and a frictional drag factor, f. The motion of the
pedestrian over the distance s typically consists of rolling,
sliding and tumbling. The total travel distance of the pe-
destrian from initial impact to rest is the throw distance,
s, Itis assumed that from the time of separation, 7, to the
time of rest, 7, the pedestrian motion is independent of
the motion of the vehicle. For wrap collisions, the vehicle
can be decelerated over the distance s, at a constant decel-
eration of -, and then over the distance s, with a constant
deceleration of -z, Allowing «, and 4, to be different cre-
ates flexibility in the model, but generally these values are
the same. For 2,# 0 and 2, # 0, the vehicle will decelerate
from the time of initial contact with the pedestrian to rest.
Under these circumstances, the distance s, is necessarily
zero. Following separation, the vehicle decelerates to rest
over a distance s, with constant deceleration, -2,. With this
information, equations can be derived to develop a Type II
mechanics/analysis model. Table 1 lists the notation and
definition of each of the variables used in the model.

Input Parameters

a, deceleration of vehicle over distance s,

a, deceleration of vehicle over distance s,

drag resistance coefficient of pedestrian over
distance s

AN

I acceleration of gravity
5 height of pedestrian center of gravity at launch,
7
distance of travel of vehicle at uniform speed («,
5

/ -0)

initial speed of vehicle

x-distance of pedestrian CG from initial contact
L to launch

ratio of pedestrian speed to vehicle speed at time

& of launch

0 angle of launch of pedestrian relative to x-axis
u impulse ratio for pedestrian-ground impact
[0 road grade angle (positive value for uphill)
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m mass of vehicle, weight /g

m, | mass of pedestrian, weight /g

distance of travel of vehicle during pedestrian
5
% contact

Output Parameters

v', | velocity of vehicle after impact with pedestrian

initial speed of pedestrian following separation
» | from the vehicle

range of pedestrian throw, launch to ground
impact

time from impact to pedestrian initial contact
1 | with ground

pedestrian ground contact distance, impact to
rest

pedestrian throw distance; total distance, initial
? contact to rest

total time of travel of pedestrian, initial contact

T

» to rest

t, | time of travel of vehicle at steady speed
distance of travel of vehicle with uniform decel-

5 :

- eration, 4,

7! vehicle travel time, initial contact to rest

i distance berween rest positions of vehicle and
pedestrian

; time of travel of the vehicle over s, with uniform

4 deceleration, a,

Table 1: Notation and definition of variables and
parameters used in the model

The Pedestrian Motion

Based on the above description and Figure 1, the throw
distance of the pedestrian is:

Sp=x,+R+s (3)

The mass of the pedestrian, 2, is typically negligible in
comparison to the mass of the vehicle, 7. However, in
cases where the momentum loss of the vehicle is important
(such as an impact with a large animal), allowance is made
in the model for a momentum exchange due to the colli-
sion with the pedestrian. This gives:
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=—=<—yp
Veo = co (4)

From the momentum exchange, the change in speed of
the vehicle is calculated. This allows for the use of AV data
from an EDR if data are imaged from the vehicle or an ap-
propriate threshold is available.

For generality in the model, a factor, @, is introduced that
relates the initial pedestrian velocity to the velocity of the
vehicle such thar:

Vpo = QVgo )

The parameter ¢ is an empirical parameter that can be de-
termined from the data. It is assumed that aerodynamic
drag acting on the pedestrian is negligible as the pedestrian
undergoes the motion through the air over the range R.
Under such a condition, the trajectory of the CG of the
pedestrian is parabolic with zero horizontal acceleration
and uniform vertical acceleration due to gravity. This leads
to the following equations for the range, R, and trajectory

time, T
i i
R = vpocosOtg — Egsmqorﬁ (6)
and

Vposing JV§nsin29+29hm5(p

gcose

7)

T =

2 gcosg
The velocity components of the pedestrian at the instant
before ground impact are:

VpRx = VpoCOSQ — gTRSing 8)

Vpry = VpoSing — gTrcosy 9)

Note that in these equations, a slope of the roadway, ¢ is
included. The normal component of the impact of the pe-
destrian with the ground is assumed to be perfectly inelas-
tic, restitution is zero, ¢ = 0. This implies that the model as-
sumes that there is a single impact between the pedestrian
and the ground with no accompanying vertical bounce or
rebound. According to planar impact theory ** under these
conditions, the vertical impulse due to the impact, P, will
be P = -m, v R. The corresponding tangential lmpulsc,

= pP develops where 1 is defined by that equation. Since
it is assumed that the interaction between the roadway and
the pedestrian throughout the ground impact is sliding,
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tumbling and/or rolling (no multiple impacts, or bounc-
ing), u = —fp This leads to a velocity at the beginning of the
slide distance, s, of:

v{aRx = VUprx + UVpRry (10)
The source of this equation has not been previously shown
and is provided in Appendix A for completeness.

With this speed of the pedestrian at the start of the tumble/
sliding phase, the tumble/slide distance s can be calculated
using the following equation for uniform deceleration:

2
i (v;;Rx)
— 2g(fycosp+sing)

(11)

Vehicle Motion

Following the change in momentum of the vehicle due to
impact with the pedestrian, the motions of the vehicle and
pedestrian are assumed to be independent of each other
after separation, 7 > 7, Any incidental contact during the
early part of the trajectory as the pedestrian is wrapping
up onto, or separating from, the hood and windshield or
secondary interaction(s) with the hood as the pedestrian
is falling back to the roadway, is neglected. Over the dis-
tance, 5, and time, 75 the initial speed of the vehicle is vy
and the vehicle decelerates uniformly ar a deceleration of 2
(which can be zero). Over the distance s , and time interval
(7, - 7,), the vehicle travels with the speed at the end of the
distance s, with no deceleration. The distance s, can also be
zero. Uniform deceleration of ,, occurs over the distance
s, The difference between the total travel distance of the
vehicle and the pedestrian throw distance is labeled as the
variable 4. This distance is given by the following equation:
d=s,+5,+5,—s. The default sign convention is that d
is positive for the vehicle traveling further than the pedes-
trian. Correspondingly, 4 will be negative if the pedestrian
travels farther then the vehicle.

a

Note that the model as presented above contains capabil-
ity that was not part of the model as presented initially
in 2001."” This new version of the model allows for the
vehicle to decelerate over the distance s, with deceleration
a,. This allows for the vehicle to decelerate over the entire
distance from initial contact with the pedestrian at 7= 0 to
rest if the physical evidence supports this characterization
of the events. The previous edition of the model did not
provide this capability. This additional capability permits
brake application during the momentum exchange. This
feature unfortunately confounds the speed change due to
the momentum exchange with the speed change due to

the braking.
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The distance between the rest positions of the pedestrian
and the vehicle can be important in a speed reconstruction
of a vehicle-pedestrian impact. After an incident, the loca-
tion of the pedestrian at the onset of contact between the
vehicle and the pedestrian is often unknown (determin-
ing the pedestrian location at impact might actually be the
goal of the reconstruction). However, the distance d may
be known since the rest positions of the vehicle and the
pedestrian may be known from measurements or can be
reasonably estimated from the scene photographs. In such
cases, it is sometimes possible to reconstruct the vehicle
preimpact speed and the impact location using the dis-
tance 4. This technique using a Type II model is discussed
elsewhere.?!

In summary, the assumptions under which the model is
derived are:

1. The model assumes that the motion of the vehicle
and the pedestrian occurs in the XZ plane, i.e. there is
negligible transverse (lateral) motion of the pedestrian
and/or the vehicle.

2. 'The preimpact speed of the pedestrian is such thar as-
sumption 1) is met.

3. Point mass impact (no rotational inertia is considered)
is used to model the impact between the vehicle and
the pedestrian and the vehicle and the pedestrian in-
teract once (e.g. the vehicle does not roll over the pe-
destrian following the initial impact).

4. No rigid body (rotational) motion of the pedestrian is
incorporated into the impact between the pedestrian
and the ground.

5. None of the properties or dimensions of the vehicle,
other than the mass, are explicitly used in the model
although this factors into whether the interaction is
categorized as a wrap trajectory of frontal projection.

6. The ground motion of the pedestrian consists of a
single initial impact with an accompanying AV (with
components along and perpendicular to the road) fol-
lowed by uniform deceleration during which the pe-
destrian is sliding, tumbling, etc.

7. The throw model of the pedestrian (postimpact) does
not permit multiple impacts (such as impacts of the
pedestrian with curbs, poles, parked vehicles, or other
objects).

8. Aerodynamic loading of the pedestrian during flight is
not included in the model.
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9. Application of the method to wrap and forward pro-
jection collisions has been validated using experimen-
tal data; reconstruction of roof vaults and somersault
crashes is possible but no data is available for valida-
tion; the model does not handle crashes where the pe-
destrian is carried by the vehicle or for fender vaults.
Fender vaults have been considered elsewhere.?

Analysis Based On Experimental Data

A series of vehicle-pedestrian impact tests were conducted
in September 2017 in Las Vegas, NV under the auspices
of the ARC-CSIL. These tests involved a variety of differ-
ent light vehicles (sedans to full size vans) and a variety of
different pedestrian manikins. Some of the tests involved
a single vehicle striking two manikins. Some of the mani-
kins were specifically fabricated to be lighter than the cor-
responding human counterpart to study the effects of pe-
destrian mass on the motion of the pedestrian (this topic
is not studied here). Additionally, only tests involving
manikins with realistic properties (dimensions, weights,
etc.) were considered in the analysis here. Data from two
“forward projections” and six “wrap trajectories” were used
to study the Han-Brach mechanics model with the intent
of assessing the ability of the model to 1) capture the dy-
namics of the pedestrian crash tests and, 2) establish ranges
of the empirical parameters in the model (f, o, 6 and p).
Consistent with the nature of the model, this assessment
included the impact and the motions of the pedestrian and
the vehicle following separation.

For the current testing and analysis, the input variables of
the Han-Brach model were generally divided into three
categories. Some variables were directly measured prior to
or during the trial (e.g. m, m,, and v,), some variables were
estimated based on video review (e.g. 4, x,, and s)), and
some variables were allowed to vary with upper-bound and
lower-bound constraints and ultimately determined using
Microsoft Excel’s Solver utility using a best fit procedure
(e.g. (zu,fp, a, @and p). The deceleration of the vehicle, 2,
was constrained between 0.5 g and 0.9 g, and the pedestri-
an/road drag coefficient, £, and impulse ratio of the pedes-
trian/road impact, p, were both constrained between 0.3
and 1.0. Two additional variables had unique constraints
based on the collision type. For “forward projections,” 0
was assumed to be zero (i.e. the pedestrian center of mass
is launched parallel to the roadway), and o was allowed
to vary but constrained between 1.0 and 1.3 based on the
original Han-Brach work."” For “wrap” trajectories, o was
assumed to be 1.0 (i.e. no “rebound effect”), and 0 was
allowed to vary but constrained to a range based on video
review. It was also assumed that 2, was equal to -z, (i.e. de-
celeration of the vehicle throughout braking at a constant
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level) as this was the intent of the driver in each trial and
was verified for each trial with observation of the video.
Thus, s, was set equal to zero in all analyses. Additionally,
the asphalt skid pad where the testing was conducted was
essentially flat and level, so in all cases ¢ was set to zero.

To further guide the results based on the experimental
data, some of the output variables of the Han-Brach model
were also constrained and/or ultimately entered as param-
eters for which they could be solved. Based on video re-
view, R was constrained within an appropriate 10 - 15 foot
window. While it may seem counterintuitive that the value
of R would not be uniquely determined for a given test us-
ing the video of the event, it was typical with all the trials
that initial contact with the roadway after separation with
the vehicle might occur in stages/phases. The first contact
might involve one of the hands, then followed by a foot,
before perhaps a hip (or some other part of the torso) con-
tacts the ground. The main point here is that the model as-
sumes that the impact of the pedestrian with the roadway
occurs instantaneously in a singular location (thus defining
R), whereas in the tests, which involve a dummy/mani-
kin with articulated appendages, this interaction generally
did not happen instantaneously. Thus, the model approxi-
mates this interaction.

The purpose of the Solver algorithm was to use the equa-
tions of the Han-Brach model to minimize a single value,
Q, referred to as the quality function. The quality function,
Q, is the sum of squares of the differences between the di-
rectly measured/assessed values of selected parameters and
the model’s estimates (calculations) of these same param-
eters. The general form of the quality function, Q, used in
the analysis is shown in Equation 12. With this minimiza-
tion approach, the resulting fit between the model and the
data is a “best fit” in the least squares sense.

Q= Z w; (u; — uflate)? (12)
i=1

In this equation, n is the number of parameters to be used
from the test data, w, is a weighting factor (which may
be 1), u, is the parameter calculated using the pedestrian
impact model and #“* is the corresponding value of the

L

parameter determined from test measurements.

Review of the data available from the tests shows that many
of the variables and parameters in the model (see Table 1)
have corresponding experimental values and thus could be
included in the fitting process as a term in the quality func-
tion. The general scheme associated with the analysis is to
use the data acquired during testing to determine the input
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parameters that were not directly measurable (although
perhaps can be bounded in the analysis).

The selection of the variables used for the quality function
was based primarily on the level of uncertainty associated
with the determination of the value. Values of parameters
such as R and 7, had considerable uncertainty and were
deemed by the authors to be poor candidates for use in the
quality function whereas values such as the distance the pe-
destrian moved from initial contact to rest, s , and the time
associated with this motion, 7, were physically measured
post-crash (s ) or determined from the video (Tl) with high
accuracy and precision. These latter two parameters were
deemed by the authors as good parameters for use in the
quality function. Based on this rationale, four parameters
were selected for use in the quality function in the analysis
presented here. These four parameters were: 5, 5, + 5, + 5,
7,and 7.

The authors recognize that the use of the quality function
with values of the #“* that are of different magnitudes can
produce a fit that may better satisfy the values of larger
magnitude. This disparity in the fitting can be mitigated by
weighting factors. In the case of the selection of two times
and two distances for the quality function used here, the
distances have a magnitude that is roughly 10 times that
of the value of the times used in the function. Thus, the
value of the weighting, w, of the time values (see Equation
12) were weighted by ten in the calculation of Q whereas
the weighting of the distances was one. These weighting
assignments were used throughout all the analyses.

Results
Wrap Collisions

The pedestrian throw distances (s ) and times (‘rp) calcu-
lated by the model for all the trials were all exact matches
with the experimental data. The vehicle distances (s, + s, +
s,) calculated by the model for all the trials were within one
foot of the measured experimental data, and the calculated
vehicle travel times (7) were within 0.16 seconds of the
measured values. The vehicle deceleration values (zzo) gen-
erated through the model ranged between 0.64 and 0.75
g's, the drag coefficients between the pedestrian and the
roadway (f ranged between 0.38 and 0.66, and the im-
pulse ratio (,u) ranged between 0.59 and 1.00. The launch
angles (6) ranged between 5° and 25°. The Q values for the
six wrap impacts ranged between 0.59 and 3.01, consid-
ered good agreement between the Han-Brach model and
the experimental data.
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Forward Projections

Like the wrap collisions, the pedestrian distances (s) and
times (7 ) calculated by the model were exact matches, the
vehicle distances (s, + s, + s,) calculated by the model were
within one foot of the measured experimental data, and
the calculated vehicle travel times (1) were within 0.06
seconds of the measured values. The vehicle deceleration
values (2,) generated through the model were 0.69 g and
0.71 g, the drag coefficients between the pedestrian and
the roadway (f) were 0.49 and 0. 64, and the impulse ratios
(11) were 0.79 and 0.80. The rebound coefhcients () were
1.15 and 1.28. The Q values for the two forward projec-
tion impacts were 0.04 and 0.51, indicating good agree-
ment between the Han-Brach model and the experimental
data.

Comments on the values and ranges of the parameters re-
sulting from the analysis are provided in the Discussion
section following three example reconstructions. Table B.1
in Appendix B contains the numerical results of the analy-
sis of each of the eight experimental trials analyzed.

Example Pedestrian Crash Reconstructions

Three examples are presented that show the use of the
Han-Brach Type II pedestrian throw model. The first ex-
ample reconstruction shows the utility of the model to
reconstruct the speed of the vehicle based on the rest posi-
tions of the vehicle and the pedestrian. This approach uses
the motion of both the vehicle and the pedestrian, both
of which are modeled in the Han-Brach Type II pedes-
trian throw model, to determine the preimpact speed of
the vehicle. This topic has been examined elsewhere.” The
second example reconstruction employs the use of EDR
data in the reconstruction of the crash. In this example, the
determination of the speed of the vehicle at impact is not
the goal as that is given by the data. Rather, it is the loca-
tion of the pedestrian at the time of impact that is of inter-
est. This location establishes whether the pedestrian was in
the crosswalk. The third example is an application of the
pedestrian throw model to determine the speed of a mo-
torcycle approaching an intersection when it collides into
the side of a minivan. Because of the crash, and the sud-
den deceleration of the motorcycle, the rider was launched
into the air and over the vehicle. The rider subsequently hit
the roadway and tumbled to rest. The authors are unaware
of a complete treatment of the reconstruction of this type
of crash using a pedestrian throw model in the literature.
Prior to getting into the details of the reconstruction, the
authors present the assumptions to be met for this specific
use of the reconstruction model. The examples presented
here were analyzed using the implementation of the Han-
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Brach model with the development provided above in
Equations 3 — 11.

Example 1: Pedestrian Crash Reconstruction from Rest Po-
sitions

A vehicle-pedestrian wrap collision occurs on a roadway
with both the speed of the vehicle and the throw distance
being unknown. The point of impact is unknown but the
rest positions of the vehicle and the pedestrian are known
from the scene photos. Thus, it is known that the pedes-
trian traveled 20 feet farther than the vehicle. Additionally,
it is known that the car decelerated uniformly from before
impact to rest with the driver braking heavily from impact
to rest. The parameters for the reconstruction are defined
as:

2. hog deceleration of vehicle over
distance s,

|08 drag resistance coefficient of
pedestrian over distance s

h 4.0 ft height of pedestrian center of
gravity at launch, #,

5, 0.0 ft distance of travel of vehicle at
uniform speed

i (Al s x-distance of pedestrian from
initial contact to launch

i 2 ) ratio of pedestrian speed to ve-
hicle speed at time of launch

Fae 502 angle of launch of pedestrian
relative to road (x-axis)

¢ |0.0° road grade angle

po |08(=f) impulse ratio for pedestrian-
ground impact

m_ | 93.24 Ib-s’/ft | mass of vehicle, weighvg

m, |5.441b-s’/ft | mass of pedestrian, weight/g

Using these values, the speed of the vehicle that causes the
distance 4 (see Figure 1) to go to -20 feet can be calcu-
lated iteratively or using optimization methods. For these
parameter values the speed of the vehicle is 66.6 ft/s (45
mph).

Example 2: Pedestrian Crash Reconstruction Using EDR
Data

In this example, the EDR on the pickup truck was imaged
shortly after the crash. Data associated with a Non-deploy-
ment event was stored in the module. Based on the key
cycle count and the characteristics of the data, it was deter-
mined that the non-deployment event stored in the EDR
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was associated with the pedestrian impact. It is interesting
to note that the collision with the pedestrian did register as
a non-deployment event on this module.

Two pieces of useful information were obtained from the
data: 1) the speed of the vehicle at 1 second prior to al-
gorithm enable (AE) was 29 mph, and 2) the Maximum
SDM (Sensing Diagnostic Module) Recorded Velocity
Change was 1.03 mph. Additionally, the data show that
the speed of the vehicle at 2 seconds before AE was also 29
mph and that the brake pedal was never applied prior to 1
second before AE. Thus, for the reconstruction, the speed
of the vehicle at the time of impact with the pedestrian was
taken to be 29 mph. Figure 2 is a scale diagram that shows
the roadway environment where the crash occurred. The
rest position of the pedestrian, as shown in the diagram,
is known from measurements made by the police during
their scene investigation.

The reconstruction of the location of the pedestrian rela-
tive to the crosswalk at the time of the crash is a two-step
process. The first step is another level of validation of the
data, and that is to assess further whether the darta belong
to the crash using the Maximum SDM Recorded Velocity
Change. Note that this value is a function of the speed of
the vehicle at the time of impact (which was extrapolated
from the value recorded at -1 AE by the EDR) and the
masses of the vehicle and the pedestrian. In this case, the
combined weight of the vehicle and the driver was 3803
pounds and the weight of the pedestrian was 135 pounds.
Using conservation of momentum and the initial speed of
the vehicle of 29 mph, the change in speed of the vehicle
0.99 mph. This value compares very favorably with the
1.03 mph AV reported by the EDR.

The second step is to model the impact of the pedestrian
with the initial speed of the vehicle at 29 mph to determine
the throw distance. Using a value of f = 0.65, the throw
distance 5, is calculated to be 40.6 feet (see Figure 2). The
reconstruction with these values shows that the pedestrian
was within the crosswalk striping at the time of impact.
A check of this solution using one or more Type I mod-
els is recommended. In this case, Woods Hybrid Model is
used.”” This model provides the speed of the vehicle for a
given throw distance. In this case, the throw distance used
in the formula is the value reconstructed using the EDR
data: 40.6 feet. This reconstructed throw distance is used
with the Wood Hybrid equation to give vehicle speed.
This speed can be checked with the speed imaged from
the EDR.
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Figure 2: Scale diagram showing the intersection where the crash occurred and the rest position of the
pedestrian. One value of the throw distance determined in the reconstruction is also shown

The Wood Hybrid Equation * is shown in Equation 13:

Veor = wa/g

The quantity s, is the pedestrian throw distance and the
parameter ¢, is assigned three values comprising a MIN,
MAX and mean values for the vehicle speed, Vo For a
throw distance of 40.6 feet, and the three parameter values
for ¢, presented by Wood, the MIN speed is 19.7 mph, the
MAX speed is 35.4 mph, and the mean speed is 28.3 mph.
The speed of the vehicle from the EDR data is 29 mph.
This EDR speed is in the MIN/MAX range predicted by
Equation 13 and differs from the mean value by a little over
2%. This shows that the results using the Type II equation
match nicely with this Type I equation. Additional work at
this point in the reconstruction might be to examine the
effect of the uncertainties in the reconstruction. This work
is not presented here.

(13)

Example 3: Motorcycle Rider Crash Reconstruction Using
Pedestrian Throw Model

This example shows the breadth of the applicability of
this Type II model. In this example, a crash involving a
motorcycle colliding into the left front wheel of a mini-
van is reconstructed. Because of the sudden deceleration
of the motorcycle to a complete stop, the rider separated
from the motorcycle and was projected over the hood of
the vehicle, landing on the roadway and tumbling to rest.
Figure 3 shows a scale diagram depicting the intersection
where the crash occurred with several of the positions of
the motorcycle and the rider shown. These positions were
measured by the police during their crash investigation. A
reconstruction of the crash was needed to determine the
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speed of the motorcycle at the time of impact and its speed
prior to braking.

Before proceeding to the reconstruction of the speed of
the motorcycle, consideration of this application of the
method is needed. The authors are not aware of any formal
treatment of the use of Type I or Type II pedestrian throw
models as a method for the reconstruction of the speed of a
motorcycle involved in a crash. The notion of the applica-
tion of a pedestrian throw model applied to a motorcycle
rider has been presented previously.'”**** However, while
the title of the first paper mentions the application to mo-
torcyclists and mentions it tangentially in the paper, there
is no formal consideration of the application separate from
the primary topic of the paper which is the application
to vehicle/pedestrian impact. The last paper presents a hy-
pothetical example of a motorcycle rider without consid-
eration of the assumptions underpinning the application.
One treatment of the subject formally considers a vaulting
rider, including data references for the range of launch an-
gle from experimental data and considers the vault of the
rider including the vault of a passenger, has been presented
by Baxter.’' The treatment presented here expands on that
presented by Baxter by formalizing various of the concepts
and utilizing the Han-Brach Type II model rather than a
simple vault equation and throw-distance equation.

A necessary requirement for the application of a Type I
or Type II model to motorcycle rider projection is that
the motorcycle stops suddenly due to the impact and is
accompanied by the projecting of the rider from the seat
of the motorcycle. In this way, the motion of the rider is
consistent with the kinematics and kinetics addressed by
Type I and Type II pedestrian throw models. Dynamics of
motorcycle/vehicle impacts in which the motorcycle is laid
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Figure 3: Scale diagram showing the intersection where the crash occurred and various positions rel-
evant to the speed reconstruction

down prior to impact, or the motorcycle swipes the front,
side or rear of the vehicle such that the rider is deposited
onto the roadway and slides to rest, are not consistent with
the application of these models.

A second consideration relative to this application deals
with the potential interaction between the rider and the
motorcycle and/or the rider and the vehicle as the rider is
being projected. Even if the assumption that the rider is
projected is met, in general, the reconstructed speed using
this application will be a lower bound only. This recon-
structed speed is a bound as the model assumes that, as the
rider is projected, the initial speed of the motorcycle (prior
to impact) is the initial speed of the rider. However, the
model does not account for any part of the rider (torso,
leg, foot, etc.) interacting with either the motorcycle (fuel
tank, handlebars, fairing, etc.) or the vehicle (hood, roof
line, fender, etc.). Note that the evidence of this interac-
tion may be very subtle and not readily noticeable to the
reconstructionist. Any interaction between the rider and
either vehicle would invariably lower the initial speed of
the rider (prior to the unimpeded flight) and thus decrease
the throw distance. As the reconstructed speed of the rider
is the surrogate for the preimpact speed of the motorcy-
cle, the speed of the motorcycle reconstructed using this
method serves only as a lower bound; i.e. the actual speed
may be higher depending on whether there was interaction
or not (which is generally indeterminate). Additionally, it
does not appear that this method has been considered in
the literature for crashes in which the motorcycle has two
riders. Uncertainty therefore exists in the application of
this method to crashes with motorcycles involving more
than one rider.
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In this example, it is assumed that the post-impact mo-
tion of the motorcycle rider was consistent with the pedes-
trian flight motion modeled by the Han-Brach model. The
physical evidence from the crash was sufficient to estab-
lish the position of the rider at the time of launch and the
rest position of the rider. These two locations provided the
throw distance, 5. Using Equation 3, the throw distance is
R +5 =5 asx, is zero in this instance. The physical evidence
showed that this distance was 76.2 feet. In addition, the
physical evidence also provided the values of the compo-
nents of the throw distance, R and s. The interaction of
the rider and the roadway, primarily due to visible scuffing
from the helmet and the clothing, discernably indicated
the tumble distance of the rider as 32.4 feet. Thus, the
distance R was 43.8 feet (see Figure 3). These values of R
and s, along with appropriate values of ¢, y, and a, were
sufficient for the application. Here ¢ = 0.0 (the roadway
was essentially flat and level). The value a = 1.0 as the
rider was not directly propelled via momentum transfer by
an impact from another vehicle and p was constrained to
equal to f) also based on prior work."

In this application of the Equations 3 through 11, the
motion of the vehicle and the momentum exchange was
neglected. Only the flight and tumble of the pedestrian
(but also including the impact with the pavement and the
associated speed change) was used to reconstruct the ini-
tial speed of the rider. In addition to the unknown initial
speed of the rider, the launch angle, 6, was not known.
Moreover, the drag of the pedestrian over the tumble dis-
tance s, fp, was also not known. A traditional strategy to
reconstruct under these circumstances is to compute the
speed of the motorcycle for appropriate ranges of these in-
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put variables. An alternative strategy used here was to fit
the data to the model using a least squares approach using
a quality function similar to Equation 12. This approach
to reconstructing crashes has been presented previously.”

In this instance, the data were fit to the model such that
the values of v, f and 6 were calculated and that the mod-
el matched the values of s and R in a least squares sense
using an appropriate quality function (see Equation 12).
This reconstruction process gave the following results: v,
= 53.9 ft/s (36.8 mph), f, = 0.76, and 6 = 9.9°. An initial
check of these results with available data shows that these
values seem realistic. The value of f was on the high end
P

of the range of values seen from experiments.” An addi-
tional check of this solution using alternative approach is
recommended. This result could be checked using a Type I
model to assess the efficacy of this application. While this
process is used frequently by the authors as shown in Ex-
ample 2, a different approach was used in this situation. In
addition to the physical evidence observed on the roadway,
the minivan was equipped with an EDR. This EDR was
imaged during the vehicle inspection and, in addition to
other data, provided a lateral AV from the impact with the
motorcycle. In this case, the impact between the motorcy-
cle and the minivan was modeled using planar impact me-
chanics * to assess whether the AV for the reconstructed
impact speed of the motorcycle was close to the value con-
tained in the imaged data. The values were very close, thus
providing a second method indicating confidence that the
results of the reconstruction are correct.

The reconstruction of the speed at the start of the skid
mark (see Figure 3) was also needed. In this case, the mark
on the roadway was approximately 41.5 feet long. The
mark was attributed to skidding of the rear wheel only. As-
suming there was no speed loss of the motorcycle between
the end of the skid mark and impact (approximately 44
feet) and that the frictional drag was f'= 0.35 for rear wheel
braking only, the speed of the motorcycle at the start of
the skid mark was 62.4 ft/s (42.6 mph). Any contribution
from the front brake over the distance from the start of the
skid mark to impact or from the rear brake between the
end of the skid mark and impact would increase the speed
above the reconstructed value 42.6 mph.

Discussion

The utility of the Han-Brach Type II pedestrian impact
model as a reconstruction tool relies on two main points:
1) the ability of the model to capture the kinematics and
kinetics of vehicle-pedestrian collisions, and 2) guidance
regarding the range of each of the individual empirical pa-
rameters. These ranges are needed to apply the model to
reliably reconstruct real-world crashes. The analyses pre-
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sented in this paper, and previous papers '**' demonstrate
that the model does indeed capture the dynamics of vehi-
cle pedestrian impacts and their associated postimpact mo-
tions. Thus, the model can be used to reconstruct crashes,
subject to the assumptions of the model.

A few observations and comments are made here related to
the results of the model-fitting analysis. Comments of the
range for the parameters determined in this analysis rela-
tive to previous analysis ' are included:

» The range of launch angles for the six wrap trajectory
impacts was 5° to 25°. This range closely matches the
range from the prior analysis and presented in other
literature.” While the launch angles of the manikins
in the tests were not measured, this range agrees well
with the estimates made through observation by the
authors of the videos.

* The resulting average frictional drag of the pedestrian
[ from the fitting process wasfp = 0.53 with a standard
deviation of 0.09. The range consisted of a minimum
of 0.38 and a maximum of 0.66. The previous study
constrained the value in the fitting process to between
0.7 and 0.8 with the fitting process generally taking
on one of the extremes of the range. The parameter
was unconstrained in the analysis presented here to as-
sess whether the values produced via the least squares
best fit process resulted in a reasonable average value.
While the average value of f‘p = 0.53 from the analyses
here is lower than the constrained range utilized in the
previous study, it is consistent with previously pub-
lished data."* The resulting range from the data here,
0.38 < f < 0.606, is generally lower than the range of
0.55<f,<0.9 reported previously ' and based on data
from another publication.” Additional experimental
data will help refine the understanding of this param-
eter and its dependence on factors such as clothing

and biofidelity of the manikin.

* In previous studies, the value of p was assumed to be
the same as the pedestrian sliding drag factor, £ In his
analysis, the value of 1 was allowed to vary indepen-
dent fromfp in the fitting process. This approach was
used to gain insight into the behavior of this param-
eter. In all but one case, the value of p was greater than
the value of f. The range of the ratio p/f, is 0.9 to 2.2

» »
with an average of 1.5 and a standard deviation of 0.5.

 The value of a was kept at 1.0 for the wrap trajectory
trials, consistent with the previous analysis." It was al-
lowed to vary for the two forward projection trials.
The two values for the parameter from the two trials
were 1.3 and 1.1. These values are consistent with the
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values from the previous study which ranged from 1.2
fil

It is well-understood that vehicle crash investigators are
often faced with trying to reconstruct vehicle-pedestrian
accidents with limited data. Many of the models currently
employed by these reconstructionists are not sufficiently
robust to account for individual parameters that can sig-
nificantly affect their calculations or are wholly dependent
on variables that are unknown for a given crash. The Han-
Brach Type II mechanics model attempts to curtail some
of those issues by accounting for many more variables in
a vehicle-pedestrian crash than just the vehicle’s impact
speed and the pedestrian throw distance as is done in the
Type I models. Additionally, the model goes further than
previous Type II models '**° that do not consider the com-
bined motion of the vehicle and the pedestrian or does not
include the impacts (vehicle-pedestrian and/or pedestrian-
roadway) in the development. The purpose of the current
research was to further validate the Han-Brach model with
a detailed data set of realistic vehicle-pedestrian impacts.

The application of the Han-Brach model to the ARC-
CSI vehicle-pedestrian impact test data was a successful
demonstration of the model’s ability to accurately reflect
real-world data. The modeled data matched extremely well
with highly reliable, measured data. The analysis provided
refined ranges for several other parameters such as vehicle
deceleration, drag coefficients, and pedestrian launch an-
gles that are often unknown and/or difficult to measure di-
rectly in testing. The ability to use these values along with
known physical evidence and reasonable estimates of other
parameters provides users with a powerful, reliable tool
to perform accurate reconstructions of vehicle-pedestrian
crashes. This utility was further demonstrated with the ex-
amples of real-world accident reconstructions.

[t should be recognized that not all vehicle-pedestrian im-
pacts can be effectively reconstructed with Type II models
such as the Han-Brach model. A prime example of this
is when the specific movements of the pedestrian need to
be modeled. In these situations, users may wish to pursue
Type III models when appropriate. Type I models, which
generally require the user to know the throw distance, pro-
vide utility in checking the reconstruction results of Type
II and Type III models. Lastly, the authors encourage other
researchers to further study the Han-Brach model by em-
ploying different combinations of pedestrian dimensions,
impact speeds and orientations, and braking responses.
Additional well-documented experimental data for the
value of £, under various conditions, will assist in the ap-
plication of this method.
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Appendix A

Previously presented in this paper is the equation for the
speed change along the roadway (AV) of the pedestrian
due to the impact between the pedestrian and the roadway.
This speed change is needed so that the velocity of the pe-
destrian along the roadway at the start of the slide distance
can be calculated. That equation is:

iy i
Uprx = Vprx T HUpRy (A1)

The form of this equation may seem rather terse and its
source not obvious. As will be shown here, it follows di-
rectly from point mass impact dynamics.”” The equations
for the velocity change in the tangential direction for mass
1 of a collision involving two point masses is:

Vlf = vlf + ﬂ.mi;l (1 + e) (vzn o vln) (A'z)
Where: 7l = —202
m1+m2

In this case, m, is the roadway, i.e. the earth. Thus, m, = ©
and v, = 0. Moreover, the value of m can be found using
the equation above and the notion of a limit for 72, — .
This gives the result that 7 = m,. Going back to Equation
A.2 with v, =0and 7fi = m , and that the assumption here
is the impact is inelastic (¢ = 0, no rebound), Equation A.2
becomes:

Vie = v1e + u(—v1p) (A.3)

This equation has the same form as Equation 10 (repeated
in Equation A.1).
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Appendix B

[ 54 [ s8 | M4 M5 MG M7 S2a S3
Input Information (Knowns)
Wrap Trajectory Forward Proj

a, 0.805 0.719 0.747 0.668 0.638 0.680 0.706 0.689
a, 0.805 0.719 0.747 0.668 0.638 0.680 0.706 0.689
i 0.517 0.548 0.528 0.383 0.664 0.463 0.486 0.638
O B R e B R e B R v YR S A v
h(ft) 5.000 3.500 3.330 5.000 2.000 3.250 3.000 2:333
g, 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
v, (ftl5) 50.160 49.867 49.779 47.667 46.200 50.893 41.844 46.875
v, (mph) 34200  [34.000 [33.940 32500  [31.500 [34700  [28.530  |31.960
X, 10.000 5.000 6.000 10.000 5.000 5.000 9.000 7.500
a 1.000 1.000 1.000 1.000 1.000 1.000 1.281 1.145
0 25.075 15.996 14.957 25.075 4.998 14.485 0.000 0.000
@ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
U 0.635 0.684 0.941 0.793 0.592 0.999 0.786 0.797
m 121.029 86.871 95.077 83.919 82.054 82.054 154.068 114.533
m, 4.600 1.834 5.253 4.724 0.684 4,724 4.600 0.684
5 14.000 7.000 8.000 13.500 5.000 7.500 8.000 7.500
Output Information (Unknowns)

U 40.764 45.544 43.356 38.936 43.558 44.970 36.167 42.927
v, 40.764 45.544 43.356 38.936 43.558 44.970 46.313 49.143
R 32.893 43.700 38.556 44.804 257 40.015 20.000 18.716
- 1.122 1.143 1.088 1574 0.601 1.071 0.634 0.547
5 23.407 26.200 17.744 10.296 30.848 21.385 40.100 37.784
g 66.300 74.900 62.300 65.100 57.100 66.400 69.100 64.000
A 2.800 2.867 2555) 2.867 2.300 2.767 2.900 2.467
[ 0.303 0.145 0.167 0.304 0.111 0.152 0.202 0.167
5 32.061 44,829 39.086 2583 46.189 46.202 28.778 41.576
bl e lasioer | 51ia20 | M dRG D |48l | BTieo": |02 36778 | 140.078
. 1.936 PSS 2.070 22T 2.249 2S5 1.841 LIS
d -20.239 -23.071 -15.214 -16.347 -5.911 -12.698 -32.322 -14.922
Z, 0.303 0.145 0.167 0.304 0.111 0.152 0.202 0.167
Calculated Parameter Values

a9 66.300 74.900 62.300 65.100 57.100 66.400 69.100 64.000
o545, 46500  [52.200  [47.400 49300  [51.700  |54.400  |37.100  [49.000
r 2.800 2.867 2555 2.867 2.300 2.767 2.900 2.467
t 1.833 2.067 2.000 2.100 2155 2.167 1.778 22511555
Q 1.238 0.925 0.590 1.664 1.690 3.009 0.506 0.039
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