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ABSTRACT

[n this paper the impact loading and response of the pedestrian lower leg is examined using two
models for the pedestrian. These are a two segment model with a frictionless pivot at the knee and a
three segment model which has a second pivot at the hips. The models are used to examine the
influence of bumper height on the kinematics of the lower leg and on the impulsive forces at both
the impact point and at the knee joint. A model for the dynamic response of the lower leg and its
angular rotation is included.

Comparison with the experimental cadaver responses reported by Cesari shows that the two segment
model gives a high degree of correlation with the experimental results for lower leg rotation angle
and peak impact force, while the three segment model does not. The tibia fracture/non-fracture
prediction accuracy of both models is similar.

INTRODUCTION

There has been widespread research into pedestrian and car impact. Cne of the main areas of study
has been pedestrian lower leg and knee injury. Aldman (1,2,3,4), Bacon (5), Pritz (6) and Eppinger
and Pritz (7) and others have reported on experimental and analytical investigations. More recently
Cesari (8) has detailed the results of a series of 20 cadaver tests of lower leg impact. Cesari
reported on the influence of bumper height and impact speed on knee injury and on fracture of the
lower leg. These tests also showed that lower leg impact results in a pivoting action at the knee.

The main purpose of this paper is to derive (a) a two segment model for the pedestrian which has a

frictionless pivot at the knee and (b) a three segment model which has a second pivot at the hips
and to compare the behaviour of both models with the cadaver results detailed by Cesari (8).

MATHEMATICAL MODELS

Detailed, complex multisegment pedestrian models have been developed by van Wijk et al (9) and
MacLaughlin and Daniel (10) amongst others. van Wijk (9) has applied two, five, seven and fifteen
segment models to the entire pedestrian and car coltision process.

Specific mathematical models applied to leg impact by Aldman (2,3) and by 8acon (5) were based on
the assumption that the lower and upper legs could be considered as a single rigid etement with the
hinge at the hip. Aldman (2) also used a mechanical model for the leg which included a mechanical
model of the knee joint.

The models examined here for lower leg impact are a two segment model with a frictionless hinge at
the knee and a three segment model with a second hinge at tve hips. In the two segment model the
lower segment represents both legs while the upper segment represents the rest of the body. In the
three segment model both thighs are represented by a separate segment.
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The analysis is based on the derivation of the impulsive forces which result from lower leg impact.
The force deflection or compliance characteristics of the bumwper and leg do not have to be
considered when using this approach. Wood (11) has shown that this method can be applied to
pedestrian impact. The body geometry and mass data used are based on Gibson (12). The body geometry
is expressed as the ratio of 'l' which is half of the lower leg height (ie knee height=2xl). The
masses are expressed as the ratio of the mass of both legs. The models and data are detailed in
figure 1.

The calculated impulsive forces are expressed in non-dimensional form as ratios of Ml.V f where ch
is the post- impact velocity at the bumper contact point. These non-dimensional ratios can also be
considered as the "equivalent mass ratios'' with respect to the mass of the lower legs. The non-
dimensional impulsive forces due to the bumper impact are I_ bumper impulse, Ik knee horizontal
is gerived using the

shear impulse and 1, 6 knee vertical impulse. The vertical knee impulse Ikv‘
model for the knee given by Aldman (2).
Hence
Ikv = BMok /c (@)
where BMOk is the non-dimensional bending moment impulse at the knee and c is the condyle width.

EFFECT OF GROUND TO FOOT FRICTICN

A friction impulse is developed between the foot and the ground. This impulse will resist movement
by the foot and consequently will act in the opposite direction to that of the motion of the foot.
The magnitude of the friction impulse will depend on the time duration of the impulse between the
bumper and lower leg.

Te = Hog.(M).at 2)

where At is the duration of the impulse, and U the coefficient of friction between the ground and
the feet. Under normal conditions the coefficient of friction between the foot and the ground is in
the range 0.3 to 0.6. for convenience of manipulation of the equations the ratio of the friction
impulse to the leg impulse If/ML‘Vl = K is used.

LOWER LEG INJURY CRITERIA

Fractures of the tibia or fibula can occur as can fracture or dislocation injuries to the knee or
ankle joint. Also ltigament injuries of the knee or ankle can occur. Knee injuries are of particular
concern as long term disability can result. Hull and Allen (13) and Asang (14) indicate that tibia
fracture in flexion is related to the bending moment exerted on the leg. The mean bending moment for
tibia fracture is 225 Nm with minimum and maximum values of 150 Nm and 300 Nm respectively.

Aldman (2) indicates that knee injury can occur during the impact to the lower leg and afso during
the subsequent motion of the lower leg relative to the thigh. Eppinger (7) details an acceleration
criterion to minimise knee injury during impact. Cesari (8) shows that knee injury is related to the
angle of rotation of the lower leg relative to the thigh. This relative rotation is resisted by the
knee (igaments.

The dynamic motion of the lower leg relative to the thigh can be modelled by representing the lower
leg and knee as a spring/mass system where the knee acts as a torsion spring, refer figure 2.
Provided the impulse duration is short by comparison with that of the lower leg/knee spring mass
system, it can be shown that the angular response of the lower leg to an impulse is
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= 2 2 b
8 = Nrel.(Hl-(Kl + L7)/8) (3)

max
where emax is the maximum distortion angle between the lower leg and the thigh, Kl radius of
gyration of lower leg, | half leg height and S the spring rate of the knee joint. wr is the

angular velocity of the lower leg relative to the thigh. Gibson (12) indicates that the spring rate
of the knee is in the order of 1700 Nm/Radian. For a leg mass of 4.4 kg this model indicates that
the time for the lower leg to flex to the maximum angte and return to the undeflected position is of
the order of 47 ms.

KINEMATICS OF LOWER LEG IMPACT

Examination of the two and three segment models shows that the kinematics of the lower leg and thigh
are similar for both models. In the three segment model the translational and rotationat movements
of the upper body are in the opposite directions to those of the thigh.

Analysis of the models indicates that the kinematics can be divided into five distinct regions
depending on the height of the bunper. The transition between each region is characterised by a
specific contact height which is a function of the pedestrian geometry and mass and of the friction
impulse. In the three segment model the transitions occur at lower impact heights than for the two
segment model. Figure 3 shows the kinematic behaviour for the two segment model. The equations for
the transition points are detailed in appendix 1.

Region 1 This is for low bumper levels close to the foot and ankle. Here the foot moves forward and
upward while the knee moves backwards towards the car. The transition to region 2 occurs when the
upper segment remains upright and stationary (at 29% of knee height, P=0). There is no horizontal
impulse at the knee. This point is a function only of leg geometry and the friction impulse ratio.

Region 2 Here both lower leg and thigh rotate in the same direction, the foot outwards and upwards
and the hips backwards towards the car, however the rotational velocity of the lower leg is higher
than the upper (thigh) segment. The transition to region 3 occurs when the rotational velocities of
the lower leg and thigh are the same. This occurs at 53% of knee height (3 segment model, U=0) and
69 % of knee height (2 segment, U=0). At this point there is no relative rotation between the lower
leg and thigh as a consequence of the impact.

Region 3 In this region the lower leg continues to rotate forward bringing the foot upwards. However
the rate of rotation is slower than that of the thighs and rotation of the lower leg ceases at the
transition to region 4. At this point, 65% of knee height (3 segment, U=0), 77% of knee height (2
segment, P=0), the impact ceases to cause the lower leg to rotate, the leg slides forward while
remaining upright.

Region & Here the leg and thigh rotate in opposite directions. The foot rotates backwards relative
to the centre of gravity of the lower leg and curls under the bumper. As the contact point moves
higher the velocity of rotation of the lower leg continues to increase until the translational
velocity of the foot due to lower leg rotation counterbalances the forward velocity of the lower leg
and the foot remains stationary and the ground friction has no effect.

For bumper heights below this level the friction impulse opposes forward motion of the lower leg and
increases the impulsive force transmitted by the bumper to the lower leg. Above this contact height
the foot has a tendancy to move backwards along the ground .2lative to its position before impact.
Consequently the friction impulse which acts to oppose this foot motion acts in the same direction
as the bumper impulse reducing its magnitude. There is a range of leg contact positions to each side
of the 'no friction"” point for which there is also no movement of the foot. Over this range the
value of the friction impulse is less than the maximum value determined from the coefficient of
friction.
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Region 5 Contact points above 91% (2 segment, U=0). Here the velocity of the foot is backwards
towards the car. The transitions between the regions are summarised for Y=0 as foliows

Percent of Knee Height

Transition point 2 Segment 3 Segment
Thigh+upper body remain 29% 29%
upright and stationary

No relative rotation 69% 53%
between lower leg

and thigh

Lower leg remains upright 7T% 65%
and slides forward

Foot remains stationary 91% 85%
on ground

Table 1. Lower leg kinematics

The effect of the friction imputse is to reduce the contact heights at which the transition points
occur. The extent of the reduction depends on the magnitude of the friction impulse. This effect is
shown in figure 4 for the two segment model. For high friction impulses there is an extended range
of contact positions, close to the knee where the foot remains stationary on the ground.

The three segment model shows that in the presence of friction the contact height for no relative
rotation between lower leg and thigh will be less than 53% of knee height. By comparison the two
segment model gives values below 69%. These values compare with 56% obtained by Aldman (2) in tests
Wwith a mechanical model and 65% by Cesari (8) in cadaver tests.

EFFECT OF IMPACT LOCATION ON IMPULSIVE FORCES

Figure S shows the variation in the impulsive force at the contact point, [_ when W=0. The peak
value occurs at 65% of knee height (3 segment model) and at 75% of knee height (2 segment). For both
models the value of 1| is less than 1 at contact points below 40% of knee height (i.e. the
equivalent mass of the pedestrian is less than the leg mass).

Figure 5 shows the variation in the maximum bending moment impulse "Bmo". For low contact points the
maximum bending moment is positive (corresponding to tensile bending stresses in the side of the leg
facing the bumper). The maximum bending moment occurs above the midpoint of the lower leg. At 24% of
knee height the maximum positive and negative bending moments are the same. There are two locations
of maximum bending moment, at the contact point and above the midpoint of the lower teg. Above this
point the maximum bending moment is negative and occurs at the contact point. The magnitude of the
maximum bending moment varies Wwith contact height as seen in figure 5. The peak value of the maximum
bending moment occurs at 64% of knee height (3 segment model) and 70% of knee height (2 segment
model ).

Figure 5 shows the ratio of the normalised bending moment impulse to the bumper impulse. The ratio
is a maximum at 65% of knee height and reduces to less than 1/3 of the peak value for impacts at
knee level. This indicates that the forces required for tibia fracture will be three times higher
when the contact point is at the knee compared with a contact point of 65% of knee height.

Figure 6 shows the variation in the impulsive forces transferred through the knee during impact. The

peak knee impulse occurs at 83% of knee height (3 segment model) and 86% of knee height (2 segment
model ).
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The relative lower teg to thigh rotational velocities for the two and three segment models are shown
in figure 6. The three segment model predicts higher relative velocities for contact points close to
the knee and the contact point for zero relative velocity is lower.

CCMPARISON WITH CADAVER TESTS

Cesari (8) published the results of 20 cadaver tests. In 11 of the 20 tests the impact was to the
lower leg. The results published inctuded lower leg to thigh angle and peak force on the right leg.
The force pulse on the right leg had a duration of 0.028 seconds. The model for lower Lleg/thigh
angle was combined with the 2 and 3 segment impact models to calculate the maximum angle of
rotation. Figure 7 and 8 compare the calculated lower leg/thigh angles with the experimental
results. This comparison shows that the 3 segment model gives a much lower leg contact point for
Zero angle than obtained experimentally. The 2 segment calculations match the experimental data more
closely. Regression analysis of the absolute values of the calculated and experimental angles shows

Model Equation r Significance
2 Segment [Bact| = 4,220 + 1.026 lecach (deg) 0.888 p<0.5%
3 Segment [8,0¢| = 2.875 + 0.560 [B__ | (deg) 0.619 p>5.0%

Table 2. Comparison of experimental and catculated lower leg/thigh angle

Eppinger (7) indicates that the force impulse to the lower ley takes a sinusoidal form. figure 9 and

10 compare the calculated peak forces, based on a sine pulse shape with the experimental results.
Regression analysis shows

Model Equation (p Significance
2 Segment Fact = -780 + 1.068 Fcalc (N) 0.8717 p<1%
3 Segment Fact = 716 + 1.028 Fcalc (N) 0.6806 p<5%

Table 3. Calculated and Experimental peak forces

Cesari (8) also reported on the incidence of fractures (AIS 2+) to the long bones of the lower leg.
Table 4 compares the calculated prediction of tibia fracture based on a minimum bending moment of
150 Nm (13,14) with Cesari's results.

Impact %Knee 2 Segment Cesari 3 Segment
Speed kph height Model Results Model
60 Y* N \ig
20 75 Y Y Y
90 N N N
60 Y Y Y
32 75 Y Y Y
90 = N N
60 Y Y Y
39 75 Y Y Y
90 Y Y N*

Table 4. Calculated and Experimental Long Bone Injury

Note : * indicates where prediction differs from Cesari's results.
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The two segment model calculates tibia fractures in 2 cases where Cesari found no AIS 2 long bone
injury. The three segment modet calculates tibia fracture in one case where there was no injury and
predicts no tibia fracture in a second case where an AlS 2 long bone injury occurred.

DISCUSSION

Comparison of the two and three segment models with the test results from Cesari (8) shows that
there is a high degree of corretation between the two segment model and the experimental results in
respect of the maximum lower leg to thigh angle and of peak impact force at the contact point. The
three segment modet gives a poor correlation with the experimental results for these parameters. In
the models used the effect of inctuding the third segment (pivot at hip) is to reduce the effective
mass of the upper body reflected onto the lower legs. This is the reason why the results from the
three segment model are different from the two segment model. However both models predict a similar
pattern of kinematic behaviour with contact height.

Modelling of a pivoting action at the hip is included in complex multisegment models, refer van
Wijk (9) and Huijbers (15). van Wijk (9) only includes the hip pivot in 5 segment and more complex
models. He has shown (9) that a two segment model with a pivot at the knee can be applied to the
entire pedestrian-car collision with a high measure of agreement between predicted and test results.
The analysis in this paper shows that a two segment model with a pivot at the knee can be used to
represent lower leg impacts.

The bending moment criterion from Hutl (13) and Asang (14) was used in conjunction with the
calcul ated peak force for a sinusoidal pulse to predict tibia fracture. Comparison with Cesari‘s (8)
results for long bone, AIS 2 injury shows that both the two and three segment models predicted
fracture/no fracture correctly in 7 out of 9 cases. In the remainirg 2 cases the two segment model
predicted fracture when there was no AIS 2 injury. The three segment model predicted no fracture in
one case when there was an AIS 2 long bone injury. In the other instances a fracture was predicted
when none occurred, refer table 4.

The models shows that force necessary to cause tibia fracture varies significantly with impact
contact height. Some preliminary investigations using the two segment model indicates for moderate
and high foot friction impacts that tibia fracture could occur for impact forces in the region of
1300 N.

Aldman (1,2,3) indicated that the horizontal knee shear force had a minimum between the mid-tibia
and the foot and a maximum at about 78% of knee height. The two segment modet gives a maximum knee
shear force at 86% of knee height when J=0. The location of this maximum will decrease with
increasing foot to ground friction. Aldman (2) obtained no relative lower leg to thigh rotation for
a contact height of 56% of knee height. Cesari (8) obtained 65% of knee height for no relative
rotation. [n the absence of foot to ground friction the two segment model predicts no relative
rotation at 69% of knee height. The modet shows for the conditions pertaining in Cesari's tests that
the relative leg/thigh rotation is zero between 61% and 65% of knee height.

Examination of the kinematics of lower leg impact shows that for impact points above 77% of knee
height (2 segment model) the rotation of the lower teg is backwards and the lower portion of the leg
and foot rotates under the bumper. The foot to ground friction is shown to lower the contact height
at which rotation under the bumper occurs. This effect is particutarly pronounced at low speed and
for long impulse durations.

Both two and three segment models indicate that the equivalent mass of the pedestrian is greater
than the mass of the legs for contact points above 40% of knee height. 8acon (5) reported similar
findings from dummy tests. Eppinger (7) and Cesari (8) however report equivalent masses less than
the static leg mass of the 50%ile male.

The approach used here of determining the impulsive forces seperately from the dynamics of the
impact process allows the kinematics and impulsive forces to be examined anatytically. This approach
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is facilitated by use of a small nunber of segments and gives insights into the general mechanisms
of pedestrian lower leg impact and parameter sensitivity. Such an approach is complementary to the
complex detailed modelling necessary for exact detailed replication of the impact process.
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APPENDIX

EQUATIONS FOR TWO SEGMENT MODEL

Me = Total mass of body

Mc = Mass of car

Mo :mg,.Kg'/(Klth‘)

Vel = Velocity of car before impact
Veg = Velocity of car after impact

QU\[VL'\.QUJU‘;= Normalised rotational velocities
Ve NV = Normal ised velocities

Tkh = Horizontal knee impulse due to bumper impact
= Mo Ve / ML Veg
Ixv = Vertical knee impulse due to bumper impact
= BHov /C g,
TI«e = Total knee impulse = (Iv.».." T
I = Friction impulse
= N.Me.g Ot
(a4 = Duration of bumper impulse
A = I/ MeVe
Iv = Impulse at contact point on bumper
= (meve(\ + A San(VE+ Fon) + MuVe )/ meVet
@mo = Normalised bending moment impulse
= BMOL ) melveg
BMew = Normalised bending moment at knee

bfve = B med-b) « M (2L-b) = & M b Sua (ve - Wi}
: me. Kt + me.L{zl-b)
Nelve = (mb [m)(t=twe (V) 5 ke Ve = W k2 VUe/Ne 3 Veg (Ve = 1+ hi-bja) o/ ve

VIN, = e (me ke + My A(22-)
(M My + e+ & StqalVe +hion . (e K¢+ W 1248 = (0 1+ m oL N (-5 + M (21-5) = K Mo Sugn(Ve +dw)

Pewoina Moments
betwean O and b

BMbE = -11 0 Sigm(Ve +wat) ~(Mej2eX N 2 + Lel dla (- a3y
¢vam b te 210

&bt = -Y;a Signlvtewd) ~ (mef2tXvedz +wit @201~ a a2 + T (a-B)
wheve A & diskance fvom ground ko point At which B N e caleulatad
KINEMATIC TRANSITION EQUATIONS
b R
{ “L_, TR

) Y (ed RS emK2 mylan + v -k b))
Uoo, Vodk ¢ (xS eR Y1 vkamy b m)

— i+ 2meim
(Bit). o= e

N T
Bl )usm = 1+ dmiime > ket no fosk mMovement
Ve 2mMGIme T X
for Tuame Scarmew~t Mooul Substiktute ML in equatiens far Te  whaeve
me = e ((Xe (Mg« My ¢ (-t M) alia
me (KE + ) +met?
(blﬂ — [ gm‘,‘,xmcfg b £ e mets) 0= mekd + me bt
- [T+-L+m¢')('mgv.:- + g ML) Amy ek s met, 1)1
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