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Abstract

Decreasing the death toll of pedestrians in traffic accidents is one of the most
urgent tasks to be solved all over the world. This paper describes the predic-
tion of pedestrian injuries for the TRL legform impactor using MATLAB. The
TRL legform impactor consists of three parts: a femur, a tibia, and a ligament
connecting them. The impactor was physically modelled with springs, dam-
pers and two masses as a dynamic model. The impactor behaves in a transla-
tional and rotational motion during the collision with a vehicle. The behavior
of the impactor during the crash event was captured by a high speed camera
and is regarded as the four-degree-of-freedom system in terms of translational
and rotational motions. Pedestrian injuries are evaluated by three physical
quantities indexes: the acceleration of the tibia, both the displacement and the
bending angle between the femur and the tibia. The physical model for the
impactor was expressed mathematically by differential equations. In the case
of modelling, the ligament connecting both the femur and the tibia in partic-
ular plays an important role. Shear forces were applied to the ligament in
translational motions and the bending moments in rotational motion. Diffe-
rential equations were expressed in the form of a state equation and an output
equation by MATLAB. Numerical solutions were obtained by a block diagram
with Simulink. As a result, it was found that the predicted injuries agree quite
well with their experimented data in terms of acceleration, displacement, and
the bending angle mentioned above.

Keywords

Dynamic Model, Spring-Mass Model, MATLAB, Pedestrian Injuries,
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1. Introduction

Pedestrian protection test was originally proposed by European Enhanced Ve-
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hicle-safety Committee: EEVC WG 10 in 1994 and has been discussed by EEVC
WG17 and International Organization for Standardization: ISO, and Interna-
tional Harmonized Research Activities: IHRA [1]-[7]. The recent number of ca-
sualties by traffic accidents in Japan tends to decrease owing to the progress of
safety technology of automobiles and environmental improvement of roads.
However, since 2009 fatalities among people killed while walking on the streets
have exceeded those while driving and the percentage in total death toll are in-
creasing as shown in Figure 1. Legform impact tests shown in Figure 2 have
been conducted since 2011 in JNCAP (Japan New Car Assessment Program).
Since leg injuries are the most common injuries in pedestrian accidents, it is ur-
gent tasks to minimalize leg injuries. It therefore follows that the study is to seek
for safety concept body designed to mitigate injuries to pedestrians. For the first
step, the paper describes to model the Transport Research Laboratory (TRL)
legform impactor and to solve the equations of motion using commercial soft-
ware MATLAB.

2. Dynamic Model of TRL Legform Impactor
2.1. Mathematical Modeling

Figure 3 shows the schematic diagram of TRL impactor which consists of the
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Figure 1. Change of death toll by traffic accidents in Japan.
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Figure 2. Schematic image of legform impacte test.
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Figure 3. Schematic diagram of an impactor and its enlarged schema of ligament.

upper legform and the lower legform and a ligament connecting them including
enlarged schema of ligament. TRL impactor mainly consists of two stiff metal
tubes, two deformable knee elements made of steel and a shear-spring system
with a hydraulic damper. The two stiff metal tubes represent the femur and the
tibia of a human leg. The deformable knee elements represent the human knee,
specifically the ligaments, with the ability to withstand a certain bending. The
metal “ligaments” are used to assess possible knee injuries. The shear-spring
system simulates lateral shear displacement between femur and tibia at the knee
level; the damper is necessary to limit vibrations caused by the mass of the
shear-spring system. An accelerometer is used to indirectly measure the contact
force applied to the tibia, representing a provisional assessment of the risk of
bone fractures. For testing, the legform is covered with a 25 mm thick foam layer
and a 6 mm neoprene skin, together representing the human’s flesh and skin.
TRL impactor is used to test cars to determine their potential to cause injury
when they impact into pedestrians. The impactor is fired into a stationary car at
speeds up to 40 km/h. The upper legform (femur) is its total length = 432 mm,
position of center of gravity L, = 711 mm, mass m, = 8.6 kg, inertia moment /, =
0.127 kg-m?, whereas the lower legform (tibia), is its total length = 494 mm, posi-
tion of center of gravity Z, = 261 mm, mass m, = 4.8 kg, inertia moment Z, =
0.120 kg-m’. Their cylindrical shapes have 70 mm in diameter. The ligament
connecting the femur and the tibia is elastically deformed by absorbing impact
energy. In case of tests, the impactor is fully covered with foam cover. The
measured items to be evaluated in NCAP are tibia acceleration a;, knee shearing
displacement 7, and knee bending angle &, which are employed as injury criteria
for fracture of tibia, damages of cruciate ligament, and collateral ligament, re-
spectively. Their maximum values are used as evaluation indices. In the typical
case when the impactor collides with a vehicle, the impactor is subjected to con-
tact forces from three portions of the vehicle; £, at z, from a hood, Fj at z; from

a bumper, and F;at z;from a spoiler.
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2.2. State Equations of the System

The behavior of the impactor during the crash event was captured by a high
speed camera. As a result, it was found that the impactor is regarded as the
four-degree-of-freedom system in terms of the translational and the rotational
motions. The impactor is physically modelled with springs, dampers and two
masses as a dynamic model. The impactor behaves in translational and rotation-
al motions during the collision with a vehicle. The equations of the translational
motions with respect to the femur and the tibia are expressed as (1) and (2), re-
spectively:
m¥X =F, +S, (1)
my%X, =Fg +F =S, (2)

where x; and x, show the coordinates of the gravity center of the femur and tibia
respectively and Fj, is the force applied to the femur from the hood, F; and F;are
the forces applied to the tibia from a bumper and a spoiler, respectively, whereas
Sindicates shearing forces exerted on the ligament in the opposite direction each
other as shown in Figure 3.

The equations of rotational motions with respect to the femur and the tibia are

given as (3) and (4), respectively (see Figure 3):
1,6, =T, +SL, - K, 3)
1,6, =T, +T¢ +SLy, + K, (4)

where 6, and 6, are rotational angles of the femur and the tibia, respectively and
Lo=L-L, Ly=L—Ly-.

Shearing forces S are described as the sum of spring forces proportional to
shearing displacements and viscous damping forces proportional to shearing ve-

locity as in (5):
S = k[ (% + Lioh) = (%, — L8y ) | - € [(Xl + Lioél)_(XZ - Lzoéz)]’ (5)

where &, and ¢, are shearing linear elastic stiffness coefficient and shearing linear
viscous damping coefficient, respectively.

Figure 4 shows the relationship between shearing displacements and static
loads obtained by the static bending moment test. The spring constant was de-
termined as &, = 571,429 (N/m) so that the related curve can be placed between
the upper and the lower limit, which complies with test procedures. On the other
hand the shearing viscous damping coefficient is analytically obtained by
MATLAB as ¢, = 750 Ns/m as described later.

The terms on the right hand of (3) and (4) express the moments, where T}, 7},

T and Kare defined as follows:

TH:FH(Ll_ZH)' (6)
TB:FB(LZ_ZB)' (7)
Ts:Fs(Lz_Zs)- (8)
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Figure 4. Relationship between shearing displacement and static

load in static bending moment test.

K =M, +Cy, )

where just as described in shearing force S, bending moment K'is expressed as the
sum of M, induced by the function of rotational angle § and C induced by angu-
lar velocity. C,, is rotational viscous damping coefficient determined as 33
(Nm/rad) by MATLAB.

M. =10+ 75 N 600 N 1200 N 500
.=
02+0'25 6’2+2'28 6’2+2—23 92+1i0
0 o 0 0
(10)
75 600 1200 500 |
62+2—2 92+§ 192+195—20 92+10520
C, =C,0=C,(6,-6,) (11)

here M, consists of two regions, an elastically deformed region and a plastically
deformed region. Figure 5 shows the characteristics of the ligament which has
elastic deformation region between @ =0 and 2 degrees whereas plastic deforma-
tion one over 2 degrees. The figure also shows the corridor surrounded by two
black lines, the lower and the upper limit. For the elastic region A, increases li-
nearly until 2 degrees in the corridor. Over 2 degrees in the plastic region A, is
expressed as polynomial of §,and M, =106 as @becomes infinity.
Equations of motion from (1) to (4) can be expressed in matrix form.
MX+Cx+Kx=UF (12)

here, M, G, K, denote the mass, damping and stiffness matrices, and x, Fare dis-

placement vector and force vector, respectively:

X m 0 0O

wel %2 | M= 0Om 00 (13)
6 | 0 01,0
o, 0 00l
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From (12) X is given as follows:
K=-MTCx-MKx+MUF (16)
State Equation (20) is expressed with (17), (18), and (19):
X=X, X, =X, (17)
X, =-MCX, -M KX, + M UF (18)
X ML Y X -
i 2|_ M~—C MK 2|, MU = (19)
dt\ X, 1 0 X, 0
X = AX + BF (20)
where
-M7C -M K MU
A=|{1 0 0 0O OO O 0,B=0 0 0O O0OO0OTDO (21)
01 000O0O0TO0 0 00O0OOO O
001 0O0O0OO0TO 0 00O0OOOD O
00O01O0O0O0OTO O 0 00O0OOO
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Output equation is expressed as follows:

Y =CX +DF (22)
where
X, 2nd column of matrix A 2nd column of matrix B
0, 4th column of matrix A 4th column of matrix B
6, 001000O0TO 000O0O0O0OO
6, 00010000 000O0O0O0OO
Y= ,C= ,D= (23)
X, 00001000 000O0O0OO0ODO
X, 000O0O01O00O 000O0O0OO0OO
o, 0000O0O0OT10 000O0O0O0OO
A 000O0O0O0DO0I1 000O0O0O0O

The standard TRL legform instrumentation includes two transducers to
measure the relative rotation (bending angle) and relative translation (shear dis-
placement) between the femur and the tibia. There is also an accelerometer fitted
to the non-impact side of the tibia, close to the knee joint (66 mm below its
knee). Figure 6 shows the schematic diagram of evaluation of pedestrian injuries.
Based on output equation, pedestrian injuries by TRL legform are evaluated in
terms of tibia acceleration a,described in (24), knee shear displacement 7in (25),
and knee bending angle fin (26):

ar =%, —(L,—L,—0.066)6, (24)
r=[%-(L-L)0 |- [x+(L-L)4] (25)
0=6,-06, (26)

2.3. Solution by MATLAB

MATLAB has embedded software called Simulink which provides an essential
way to model, simulate and analyze the physical phenomena which are characte-
rized by some inputs and outputs. The differential equations for TRL legform
impactor were converted into state Equation (20) and output Equation (22). Two
equations were implemented in Simulink as shown in Figure 7 using multipliers,
summing, gain blocks, and subsequently fed into three integrators to obtain the

states a,, 7, and 6.

3. Test Procedures

In order to validate the predicted injuries obtained by MATLAB, the experiment
was conducted. Figure 8 shows the setup of TRL legform impactor. The impactor
was fired at 40 km/s into the energy absorption materials where load cells are in-
corporated on the rigid wall. Input forces, Fy, Fj and F; were measured by load
cells. The measuring points are at z; = 764 mm, z; = 404 mm, z; = 214 mm. To
simulate the characteristic of the actual vehicle bumper, the absorption material
at middle position is approximately five and half times as hard as other two mate-

rials and protrudes 20 mm from them whereas the materials set at the hood and
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Figure 6. Evaluation of TRL legform impactor: Tibia
acceleration (Upper), Shear displacement (Middle), and
Bending angle (Lower).

DOI: 10.4236/0jmsi.2017.54018 248 Open Journal of Modelling and Simulation


https://doi.org/10.4236/ojmsi.2017.54018

S. Ogawa et al.

FH
L]
—
FB Scope
FS
From P
X' =Ax + Eu
Workspace ] \/ = Cx + Du
State-Space
— shearJ
—
f(u) ot degJ
Fon
Figure 7. Block diagram for evaluation of pedestrian injuries: 7ibia acceleration a,, Shear displacement t, Bending angle 6.
Impactor Load cell
Overhang 20 mm
Foaming ratio 45
Injection 10 |
45
Energy absorption Material
Test machine Solid wall

Figure 8. Test setup of TRL legform impactor.

the spoiler have the same hardness and the same position in the horizontal direc-

tion as shown in Figure 8.

Figure 9 depicts three input data obtained by the test. Reflecting the hardness

and the position of energy absorption materials, the force Fyis 9 kN at peak value

and four and half times as large as F; and F; Furthermore Fj sharply increases

and its duration of time lasts 20 ms whereas F,;and F;are 2 kN at peak value al-

though the duration of time for F, is four times as long as Fi.

4. Results and Discussions

Forces obtained by the experiment shown in Figure 9 were used as input data in

MATLAB Simulink to predict pedestrian injuries. Figure 10 shows the comparison
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between the experimented and the predicted injuries. Broken lines and solid
lines indicate the experimented values and the predicted ones, respectively. With
respect to tibia accelerations, the predicted ones agree quite well with the expe-
rimented ones in terms of a pattern of waveform and the difference of peak val-
ues within 7.4%.

Regarding predicted shear displacements, the waveform as it rises up and
general waveform are also similar to the experimented one. However, predicted
peak value is 2 mm lager than the experimented. TRL legform impactor has the
hydraulic damper near the ligaments, which is necessary to limit vibrations
caused by the mass of the shear-spring system. It therefore follows that due to
the damping effects the peak value is greatly suppressed and the waveform is at-
tenuated with vibrations.

Concerned with bending angles, the waveform from the rise to the peak of the
curve is almost similar each other and the difference of the peak value is 2.9 de-
grees equivalent to 3.4% as shown in Figure 10.

Three waveforms obtained by the TRL impactor experiment vibrate in com-
mon after their peaks. The period of the vibration is 10 ms which reflects the
characteristic of the hydraulic damper of TRL legform impactor.

5. Conclusion

Shear forces were applied to the ligament in translational motion and the bend-
ing moments in rotational motion. Shear forces were described as the sum of
viscous damping forces proportional to the deforming speed and spring forces
proportional to the amounts of deformation, whereas bending moments were
expressed as the sum of viscous damping moments proportional to the angular
speed and rotational spring forces proportional to the bending angle. Damping
coefficients and factors characteristic of the spring were determined experimen-
tally and analytically. Differential equations were expressed in the form of a state
equation and an output equation by MATLAB. Numerical solutions were ob-
tained by a block diagram with Simulink. As a result, it was found that the pre-
dicted injuries agree quite well with their experimented data in terms of accele-

ration, displacement and the bending angle mentioned above.
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