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Could an isolated human body lower limb model
predict leg biomechanical response

of Chinese pedestrians in vehicle collisions?
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 Purpose: The purpose of the current study was to investigate whether an isolated human body lower limb FE model could predict
leg kinematics and biomechanical response of a full body Chinese pedestrian model in vehicle collisions. Methods: A human body lower
limb FE model representing midsize Chinese adult male anthropometry was employed with different upper body weight attachments
being evaluated by comparing the predictions to those of a full body pedestrian model in vehicle-to-pedestrian collisions considering
different front-end shapes. Results: The results indicate that upper body mass has a significant influence on pedestrian lower limb injury
risk, the effect varies from vehicle front-end shape and is more remarkable to the femur and knee ligaments than to the tibia. In particu-
lar, the upper body mass can generally increase femur and knee ligaments injury risk, but has no obvious effect on the injury risk of tibia.
The results also show that a higher attached buttock mass is needed for isolated pedestrian lower limb model for impacts with vehicles of
higher bonnet leading edge. Conclusions: The findings of this study may suggest that it is necessary to consider vehicle shape variation in
assessment of vehicle pedestrian protection performance and leg-form impactors with adaptive upper body mass should be used for
vehicles with different front-end shapes, and the use of regional leg-form impactor modeling the local anthropometry to evaluate the
actual lower limb injury of pedestrians in different countries and regions.
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1. Introduction

The WHO report indicates that traffic accidents
caused about 1.35 million fatalities in 2016, more than
20% of which were pedestrians [29]. Real world colli-
sion data show that lower limb injuries account for
more than 30% of all pedestrian AIS2+ (Abbreviated
Injury Scale level 2–6) injuries [12], [22], and current
vehicles still post high threat to pedestrians, even though
great progress has been made in improving vehicle
front-end design [15], [23]. Moreover, as a developing
country with typical mixed traffic and the world’s
largest car market, China has a significantly higher
pedestrian accident rate than other developed coun-

tries. Meanwhile, pedestrian safety has not been con-
sidered in the China New Car Assessment Program
(C-NCAP) until 2018 [4], the safety situation of vehi-
cle fleets in Chinese market might be much worse
than developed countries. Thus, safer vehicle front-
end design for pedestrian lower limb protection is still
an urgent pursuit in China.

Pedestrian safety regulations, such as the New Car
Assessment Programs (NCAPs) in different countries
and regions, have shown significant effect on forcing
improvement of vehicle front-end design for pedes-
trian protection. In pedestrian safety regulations, the
subsystem test procedure using an isolated leg-form
impactor (such as the Flex-PLI leg-form) is employed
for evaluation of vehicle safety performance (C-
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NCAP, 2018; Euro-NCAP, 2017; J-NCAP, 2014) [4],
[5], [8]. However, the isolated leg-form impactor used
in current NCAPs was developed based on the anthro-
pometry of Westerners midsize adult male [9], [10],
which may not represent the human body damage
situation of Chinese given the big gap in lower limb
anthropometry between Chinese and Westerners (e.g.,
knee height of 50th percentile Chinese adult male is
442 mm, while the data for U.S. is 493 mm) [6] and
the significant influence of relative height of knee
versus bumper on pedestrian lower limb injury risk
observed from real world crashes [12]. This may sug-
gest that the effectiveness of C-NCAP on forcing im-
provement of vehicle front-end design for pedestrian
lower limb protection might be undoubted for West-
erners, however it may not be equally effective for
Chinese. Therefore, pedestrian safety regulation of
China is likely to be more effective if using an iso-
lated leg-form impactor which can represent Chinese
anthropometry in the subsystem test procedure. How-
ever, it is still lack of understanding on what kind of
an isolated lower limb could represent the leg biome-
chanical response of Chinese pedestrians in vehicle-
to-pedestrian collisions, especially considering the
fact that China does not have such a lower limb physi-
cal leg-form impactor like Flex-PLI.

With the help of computer technology, numerical
human body models provide an important tool for
vehicle safety analysis with the low cost, good repeat-
ability and high biofidelity, where human body finite
element (FE) models are widely used in pedestrian
safety studies [14], [17], [25], [26]. However, most of
the existing human body lower limb FE models are
also based on the anthropometry of Westerners [1],
[21], [27]. Mo et al. [18] developed a human body
lower limb FE model of midsize Chinese adult male,
but an isolation study to this model is still needed for
its predictions of leg response in vehicle-to-pedestrian
collisions, which could provide useful suggestions for
the development of physical leg-form impactors suit-
ing China conditions in the near future.

Therefore, the purpose of the current study was to
investigate whether an isolated human body lower
limb FE model could predict leg kinematics and
biomechanical response in vehicle collisions consid-
ering different vehicle front-end shapes. To achieve
this goal, a human body lower limb FE model repre-
senting midsize Chinese adult male anthropometry
was employed with different upper body weight at-
tachments being evaluated by comparing the predic-
tions to those of a full body pedestrian model in vehi-
cle-to-pedestrian collisions considering low and high
bumper and bonnet leading edge designs.

2. Materials and methods

2.1. Isolated human body
lower limb FE model

The human body lower limb model with detailed
anatomy, called Human Active Lower Limb Model
(HALLM), was used in the current work to predict the
risk of pedestrian lower limb injury in a vehicle colli-
sion. The FE model of the human lower extremity
model, in which bone and soft tissue are modeled in
detail is shown in Fig. 1. This finite element model of
the lower extremity was originally developed by re-
searchers at Hunan University, based on CT and MRI
scan data of a Chinese male (height = 1713 mm,
weight = 69.7 kg), with its size is close to that of a 50th
percentile Chinese adult male (AM). Then a slight
scaling was carried out to make the model meeting the
anthropometry of 50th percentile Chinese adult male
[18]. The original lower extremity model was later con-
figured as a standing position and verified by a corpse
test of four-point bending of the knee and lateral
bending and shearing of the leg [6]. In the validation
study, the current prediction of the human lower ex-
tremity model showed a good match with the cadaver
test data [6]. The difference in anthropometry between
the HALLM and 50th percentile U.S. adult male was
also shown in Fig. 1, where big gap can be clearly ob-

  (a)  (b)

Fig. 1. FE models of the human body lower limb without buttock
(a) and attached buttock (b)
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served, especially for the knee height (HALLM 442 mm
vs. 50th percentile U.S. adult male 493 mm). The
HALLM model has been used to analyze the injury of
the driver lower limbs in front of the vehicle [18],
active muscle control [19], foot tissue injury [20] and
pedestrian lower limb injury [13].

To find an isolated human body lower limb FE
model which can predict leg kinematics and biome-
chanical response of Chinese pedestrians in vehicle
collisions, isolated lower limb models without buttock
(Fig. 1a) and with attached buttock (Fig. 1b) of differ-
ent mass (from 1 to 7 kg) were employed. The selec-
tion of these isolated models was based on previous
studies of development of impactors for vehicle safety
performance [3], [11].

2.2. Vehicle front-end buck FE models

A simplified vehicle front-end buck FE model,
named as Shape 1, was defined based on the frame
structure of the car’s midline of a sedan, which has
been used in previous pedestrian lower limb injury
studies [13], [16], (Fig. 2a). Then a vehicle front-end
buck FE model (Shape 2) was scaled from the Shape 1
model to consider a higher bonnet leading edge and
bumper, since the height of these parts may have sig-
nificant influence on the effect of upper body mass for
lower limb injury risk [3]. The vehicle front-end buck
models include the bonnet leading edge (BLE), bumper
beam, bumper absorber and lower bumper stiffener
(LBS) structures. All of the frames in the buck model
are modeled by shell elements, while the lower bumper
stiffeners are simulated using solid elements. The mate-
rial of the frame is defined as the corresponding part
in the initial model, but the thickness is changed to
maintain the equivalent front-end stiffness [28]. This

(a) (b)

Fig. 2. Vehicle front-end buck models:
(a) Shape 1 and (b) Shape 2

simplified approach has been widely adopted in pre-
vious studies based on physical shock testing and/or
numerical simulation of pedestrian safety [28], [30].
The selected vehicle models generally represent the
most popular vehicles in Chinese market.

2.3. Vehicle-to-pedestrian
impact simulations

Vehicle-to-pedestrian impact simulations with the
vehicle front-end buck models (Section 2.2) striking
different isolated lower limb models (defined in Sec-
tion 2.1) and a full body human body model were
defined (Fig. 3). The full body model (Fig. 3b) formed
by coupling the Chinese human body lower limb
model and the upper body model of the 50th percen-
tile Chinese dummy model [7] was developed as the
benchmark to evaluate the prediction capability of
different isolated lower limb models. This coupling
approach has been widely used in previous study of
human lower limb injury [2], [17], [18], [25]. Simi-
larly to current pedestrian safety regulations [4], [5],
in the impact simulations for isolated models an initial
impact speed at 40 km/h was defined to the isolated
lower limb model and the vehicle front-end buck model
was fixed fully (Fig. 3a). The knee was set at the
straight posture to consider the gait stance with a high
injury risk to pedestrian lower limb [16]. For the full
body impact simulation, an initial impact speed of

(a) (b)

Fig. 3. Vehicle-to-pedestrian impact models:
(a) Isolated impacts and (b) Full impacts



H. MA et al.120

40 km/h was defined to the vehicle model, the struck
leg of the human body model was set straightly stand-
ing on the ground with a forwarding non-struck leg to
simulate a walking gait stance (Fig. 3b).

2.4. Injury risk assessment metrics

Long bone lateral bending moment and knee liga-
ment global strain are used as the key predictors of
pedestrian lower limb injury risk in current pedestrian
safety regulations [4], [5]. For the femur, lateral
bending moments at the section of proximal (Femur-
up), mid-shaft (Femur-mid) and distal (Femur-low)
level were used to assess injury risk (Fig. 4). Simi-
larly, bending moment measurements to the tibia were
also considered, which are defied as Tibia-up, Tibia-
-midup, Tibia-midlow and Tibia-low from the proximal
to the distal end (Fig. 4). For the knee, the spring ele-
ments with extremely low elasticity coefficient were
attached to the elements of MCL (medial collateral
ligament), ACL (anterior cruciate ligament) and PCL
(posterior cruciate ligament) for measuring knee liga-
ment elongation (Fig. 4). The global strain of LCL
(lateral collateral ligament) was not considered since
LCL tends to loose or slightly tension in the impact
simulations. Comparisons of predicted injury risk
metrics between the isolated lower limb models and
full body model were conducted to evaluate the pre-
dicting capability of different isolated lower limb
models.

Fig. 4. Knee ligament elongation approach
and leg bending moment measuring point

3. Results

3.1. Struck leg kinematics

Dynamic response of partial simulation models is
shown in Figs. 5 and 6 (Full refers the full body model,
mass = 0 kg refers the isolated lower limb model without
buttock, m = 2 kg, m = 4 kg and m = 7 kg refer the iso-
lated models with attached buttock mass of 2 kg, 4 kg
and 7 kg, respectively) for Shape 1 (low bumper and
BLE) and Shape 2 (high bumper and BLE), respectively.
It can be seen based on the kinematic response that the
lower limbs of different models have no significant dif-
ference within 20 ms in the simulation. However, the
isolated lower limbs gradually show difference in kine-
matics from the full body model after 20 ms, and a sig-
nificant difference can be observed when it reached
50 ms. This difference is more obvious for the isolated
lower limb model without buttock and those with a at-
tached buttock mass of 4 kg and above. It can be seen
that the upper body mass plays an important role in the
kinematic response of the lower limbs. In particular, the
isolated lower limb model without buttock predicts less
knee bending than the full body model. The isolated
lower limb models with a attached buttock mass of 4 kg
and above predict over bending to the knee and continu-
ance longer than the full body model.

Fig. 5. Predicted pedestrian lower limb kinematics (the struck leg)
in Shape 1 collisions
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Fig. 6. Predicted pedestrian lower limb kinematics (the struck leg)
in Shape 2 collisions

3.2. Injury measuring

In Figs. 7 and 8, compared are the time history
curves of femur bending moment, knee ligament elon-
gation and tibia bending moment between partial iso-
lated lower limb models (m = 0 kg, m = 2 kg, m = 4 kg
and m = 7 kg) and the full body model for Shape 1 and
Shape 2 impacts, respectively. Obvious difference in the
predictions between the isolated lower limb models and
full body model can be observed from these curves,
especially for femur and knee. Tables A1 and A2 show
the peak value of the predicted injury metrics for the full
body model and isolated lower limb models, which were
extracted from the time history curves of the injury met-
rics (see the Appendix). It should be noted that the
damping phase in the knee ligament elongation curves
was not considered in the comparison since the damping
is from the spring element which were defined for meas-
uring knee ligament elongation, but not the knee liga-
ments themselves. Thus, the peak value for knee liga-
ment elongation was extracted at the time of rapture
occurring or maximum value (ligament not rapture).
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Fig. 7. Predicted pedestrian lower limb injuries time history (the struck leg) in Shape 1 collisions,
comparing the data of full body model and isolated lower limb models with different buttock weight attached
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Fig. 8. Predicted pedestrian lower limb injuries time history (the struck leg) in Shape 2 collisions,
comparing the data of full body model and isolated lower limb models with different buttock weight attached

Fig. 9. Absolute value of the relative error for lower limb injury parameters (the struck leg) in Shape 1 collisions

Fig. 10. Absolute value of the relative error for lower limb injury parameters (the struck leg) in Shape 2 collisions
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To assess the difference between predictions from
isolated lower limb models and the full body model,
the absolute value of the relative error for each injury
metric was calculated based on the data shown in
Tables 1 and 2 by Eq. (1). Figures 9 and 10 show
the absolute relative errors as a function of attached
buttock mass and injury metric for Shape 1 and
Shape 2 impacts, respectively. Clearly, the upper body
mass (the attached buttock) has a significant effect
on prediction capability of the isolated lower limb
models.

%100||
Full

FullIsolated 



Peak

PeakPeak . (1)

4. Discussion

4.1. Biomechanical understanding

In vehicle-to-pedestrian impacts, the thigh and
lower leg loading condition were depicted by Figs. 11
and 12, respectively. In Figure 11, Fmass is the inertia
force from the upper body mass, Fvehicle is the impact
force from the vehicle front end, Flower is the inertia
force from the lower leg and Mlower is the bending
moment from the knee. Similarly, in Figure 12, Fthigh
is the inertia force from the thigh, Fvehicle is the impact

 (a) (b)

Fig. 11. Femur loading of (a) m = 0 kg and (b) m = 1 kg in Shape 1 impact

 (a) (b)

Fig. 12. Tibia loading of (a) m = 0 kg and (b) m = 3 kg in Shape 2 impact
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force from the vehicle front end, Ffoot is the inertia
force from the foot and Mthigh is the bending moment
from the knee.

It can be clearly seen from Figs. 11 and 12 that
when m = 0 the isolated lower limb without buttock
cannot bend as that with upper body mass weight
attached during the impact. This phenomenon is more
pronounced in Shape 2 impacts for the relatively
higher bonnet leading edge. This is due to the fact that
when no buttock or a light buttock was attached, the
lack or inadequacy of Fmass action causes lower
bending moment at the proximal and distal of the
femur. Thus, the predicted femur bending moment
generally increases with increasing the mass of but-
tock (Tables A1, A2). Compared to the full body
model in Shape 1 impacts, the predicted femur bend-
ing moments from the isolated lower limb model have
a high relative error for the cases of without buttock
and with buttock mass larger than 1 kg (Fig. 9), where
the former is lack of upper body mass and the latter is
over attached of mass (Table A1). When m = 1 kg, the
predicted femur bending moments from the isolated
lower limb model are generally close to the full body
case, with the relative errors lower than 22% (Fig. 9).
Similar trend was observed for Shape 2 impacts, but
good predictions (relative error < 20%) of the iso-
lated lower limb model are to the cases of m > 2 kg
for the proximal and distal femur bending moment
and m = 2–3 kg for the mid-shaft femur (Fig. 10).
These differences between Shape 1 and Shape 2 im-
pacts are largely due to the shape effect [12], [25].
These findings may suggest that the upper body mass
has a significant influence on pedestrian femur injury
risk and the effect varies based on vehicle front-end
shape.

For knee ligaments, in the Shape 1 collisions, al-
though the ligament is broken like the full body when the
buttock mass is not considered (m = 0 kg, Fig. 11), the
first peak after the break is obviously small (Table A1),
thus the relative error is still large (Fig. 9). When the
attached buttock mass reaches 1 kg and above, the pre-
dicted knee ligament elongation values from the iso-
lated lower limb models are basically similar to the
full body model. In the Shape 2 case, when the but-
tock mass is less than 3 kg, the knee ligaments iso-
lated lower limb model did not tear in the simulation,
so the measured ligament elongation values are obvi-
ously smaller than the full body model (Table A2),
and larger errors are obtained (Fig. 10). In contrast,
when the buttock mass reaches 3 kg and beyond,
the ligaments in the isolated lower limb models rup-
tured and the measured knee ligament elongation val-
ues show good agreement with the full body model.

The above observation is mainly from the biome-
chanical mechanism of knee ligament injuries, where
lack of Fmass leads lower bending to the knee and
hence less tension to the ligaments [24]. The relative
error data in Figs. 9 and 10 show that the isolated
lower limb models with buttock mass of above 1 kg
and 3 kg generally have good predicting capability of
knee injury risk, compared to the full body model for
Shape 1 and Shape 2, respectively. These results indi-
cate that the upper body mass also has a significant
influence on knee injury risk and the effect is not re-
markable when the attached upper body mass reaches
a certain value, which is determined by vehicle front-
end shape, since the relative height between bumper
and knee is a crucial factor for knee injury risk [12].

The tibia loading condition shown in Fig. 12 indi-
cates that the effect of upper body mass on tibia in-
jury risk is not direct since the effect would transfer
through knee ligaments (especially the MCL). Com-
bining tibia bending moment values from Figs. 7 and 8,
it was found that Tibia-up and Tibia-midup measure-
ments maintain a high correlation with MCL defor-
mation, while Tibia-midlow and Tibia-low measure-
ments do not significantly change with changes in
upper body mass. For Tibia-up and Tibia-midup, the
bending moment comes from the ligaments tension of
the knee joint, and the peak value generally appears at
the time when the maximum elongation before MCL
rupture and is also the time when the MCL tension is
maximum. When the MCL breaks, its tension disap-
pears instantaneously, and the peak value of the
bending moments of Tibia-up and Tibia-midup drop
suddenly (Fig. 7 at 20 ms and Fig. 8 at about 22.5 ms).
Thus, in the Shape 1, the upper body mass has no
obvious effect on the proximal tibia injury risk. As
predicted, tibia bending moments from all isolated
lower limb models show good agreement with the full
body condition (Fig. 9), since MCL rupture occurred
in all simulations and the MCL produced similar
maximum tension before fracture, which leads to the
approximative maximum measured peak bending
moment values of tibia proximal. However, for the
Shape 2 case, when the attached buttock mass is less
than 2 kg, the MCL is not broken, which means the
proximal tibia is subjected to a small ligament tension,
resulting in a smaller proximal tibia bending moment
(Table A2). The predicted relative errors of bending
moment at proximal and upper shaft tibia in these
cases are larger (more than 20%, Fig. 10). When the
mass of the upper body reaches 2 kg, although the
MCL was also not broken, the MCL deformation al-
most reached the MCL failure strain at about 22.5 ms
(Fig. 8 MCL elongation), so this produces a suffi-
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ciently large tension to cause a similar proximal tibia
bending moment value (Fig. 8 Tibia bending mo-
ment), resulting in a smaller relative error (<20%)
(Fig. 10). Furthermore, when the attached buttock
mass reaches 3 kg, the relative errors in tibia bending
moment are stable within 20% (Fig. 10). Distal tibia
injury is mainly determined by the lower extremity
mass below the lower bumper stiffener [16], so the
Tibia-midlow and Tibia-low bending moments change
little with changing the upper body mass (Fig. 10).
These findings suggest that the effect of upper body
mass on pedestrian lower leg injury risk is not as sig-
nificant as that for the femur and knee, especially in
impacts with vehicles having a relatively lower bonnet
leading edge height which causes larger bending in
the knee, hence, leading to earlier ligaments rupture.

4.2. Further analysis

The above findings suggest that a higher buttock
mass is needed for vehicle front-end with a higher
bumper and bonnet leading edge height. Therefore, in
order to explore in which ratio the buttock mass should
be changed for differing frontal geometries according
to the used Chinese 50th percentile adult male lower
limb model. Simulations using another two vehicle
front-ends of different BLE and bumper heights,
named as Shape 0 and Shape 3 (Fig. 13), were carried
out similarly to previous modeling of Shape 1 and
Shape 2. Since the BLE height (BLEH) of Shape 0
(609 mm) was lower than that of Shape 1 (664 mm),
only simulations with buttock mass of 0 and 0.5 kg
were considered. Similarly, the simulations for Shape 3

(a) (b)

Fig. 13. Vehicle front-end buck models: (a) Shape 0 and (b) Shape 3

(BLEH = 869 mm) focus on buttock mass above 3 kg
considering the optimal buttock mass of 3 kg for the
Shape 2 (BLEH = 754 mm).

Fig. 14. Optimal buttock mass as a function of BLEH

The simulation results show that the optimal but-
tock mass for Shape 0 and Shape 3 is 0.5 kg and 6 kg
(predicted relative errors of injury parameters within
20%), respectively. In Figure 14, the optimal buttock
mass as a function of BLEH is shown. It can be seen
that the higher the BLE is, the larger the upper body
mass is required for the isolated lower limb, i.e., there
is a positive correlation trend between upper body
mass and BLE height. This phenomenon is well ex-
plained by the fact that for lower BLE vehicles, the
collision position of pedestrian lower limb is not as
high as that of higher BLE vehicles, where the colli-
sion point is far away from the body’s center of mass.
Thus, in collisions with lower BLE vehicles, pedestri-
ans are more likely to turn over relative to the vehicle,
and the effect of the upper body inertia force is not
obvious. For higher BLE vehicles, where the collision
position is closer to the center of mass, more velocity
is transferred to pedestrians, which changes in ex-
treme case, but naturally, the kinematics from somer-
sault into clear parabolic motion, hence, larger force
will transfer to the pedestrians. However, in the colli-
sions the front of the vehicle first contacts with the
lower limbs, the upper body will inevitably produce
a huge inertial reaction force on the lower limbs to
prevent its movement. Therefore, in the isolation
study, for the high BLE vehicles, a larger upper body
mass is needed to ensure the same leg biomechanical
response as the whole body condition. In addition, in
the process of looking for a suitable upper body mass
of the isolated lower limb for Shape 3, it was found
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that when the upper body load reaches or exceeds
6 kg, the relative errors of the injury measurements
change slightly. It is not difficult to introduce that
when the BLE is high enough, the buttock of the
lower limbs will directly hit the BLE or below in
vehicle collisions (Fig. 15). In this case, the buttock
that represent the upper body are directly blocked by
the front structure of the vehicle. Therefore, a suit-
able upper body load is a feasible solution of not less
than a certain value.

Fig. 15. Kinematics of the isolated lower limb model
in collision with Shape 3

4.3. Limitations

In the current work, only the limited impact sce-
narios and isolated conditions were considered, the
optimal isolated lower limb configuration for predicting
full body biomechanical response in all impact sce-
narios cannot be determined based on the current re-
sults, even though the isolated lower limb models with
good predicting capability of Chinese full body model
for the studied impact scenarios (40 km/h impacting

with four shapes) can be roughly obtained (Fig. 14).
Only variations of bumper and BLE height were con-
sidered in the current study for vehicle front-end de-
signs. The effect of the horizontal distance between
BLE and the actual end of the front-end in the section
plane (defined as BLE depth in [12] and [15]) on the
selection of buttock mass has not been considered in
the current work, which would affect the loading con-
dition on the pedestrian femur and pelvis, hence, in-
fluence of upper body mass on lower limb response.
The effect of lower bumper stiffener height and depth
on the selection of buttock mass also has not been
considered. But this might be less of importance than
that of BLE and bumper geometry according to the
above mechanical analysis, and the variation of lower
bumper stiffener depth is not obvious in modern vehi-
cles [15]. The work is to be continued to advance in
this respect based on optimization methods considering
a broad range of impact scenarios (e.g., different BLE,
lower bumper stiffener depths and vehicle front-end
stiffness levels) and isolated configurations (e.g., dif-
ferent attaching locations and attaching form of but-
tock mass).

5. Conclusions

In the current study, predictions of pedestrian leg
injury metrics from different isolated human body
lower limb models were compared to that of a full
body pedestrian model in vehicle-to-pedestrian colli-
sions considering different vehicle front-end shapes.
The results indicate that upper body mass has a sig-
nificant influence on pedestrian lower limb injury
risk, the effect varies from vehicle bonnet leading
edge height and is more remarkable to the femur and
knee ligaments than to the tibia. In particular, the
upper body mass can generally increase femur and
knee ligaments injury risk, but has no obvious effect
on the injury risk of tibia. The results also show that
a higher attached buttock mass is needed for isolated
pedestrian lower limb model for impacts with vehi-
cles of higher bonnet leading edge. The findings of
this study may suggest that it is necessary to consider
vehicle shape variation in assessment of vehicle pe-
destrian protection performance and leg-form im-
pactors with adaptive upper body mass should be
used for vehicles with different front-end shapes, and
the use of regional leg-form impactor modeling the
local anthropometry to evaluate the actual lower limb
injury of pedestrians in different countries and re-
gions.
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Appendix

Table A1. Peak values of injury metrics for different models impacting with the Shape 1

             Peak value 
 Measuring point

Full m = 0 kg m = 1 kg m = 2 kg m = 3 kg m = 4 kg m = 5 kg m = 6 kg m = 7 kg

Femur-up moment [Nm] 131.01 64.38 123.52 170.48 186.45 198.58 199.81 194.28 207.76
Femur-mid moment [Nm] 139.51 153.18 170.84 222.95 237.55 237.36 244.89 271.63 295.99
Femur-low moment [Nm] 124.68 87.77 123.82 126.40 136.36 152.94 166.79 174.33 175.60
MCL elongation [mm] 29.11 26.86 28.40 28.54 27.82 28.34 28.45 28.21 26.88
ACL elongation [mm] 18.75 10.81 17.11 17.17 15.74 16.32 17.54 15.78 14.66
PCL elongation [mm] 17.99 7.20 16.01 11.75 14.06 14.81 17.74 14.61 13.68
Tibia-up moment [Nm] 148.99 158.52 144.83 140.93 140.34 139.88 141.19 141.81 140.03
Tibia-midup moment [Nm] 162.68 167.47 167.65 169.14 169.19 167.56 170.67 169.58 167.04
Tibia-midlow moment [Nm] 164.05 175.16 171.29 171.00 171.98 171.29 171.55 171.49 171.64
Tibia-low moment [Nm] 113.31 115.82 116.05 113.61 114.71 114.27 114.99 114.66 115.54

Table A2. Peak values of injury metrics for different models impacting with the Shape 2

Peak value 
Measuring point

Full m = 0 kg m = 1 kg m = 2 kg m = 3 kg m = 4 kg m = 5 kg m = 6 kg m = 7 kg

Femur-up moment [Nm] 161.85 81.61 121.30 128.77 134.66 153.32 168.43 184.01 195.92
Femur-mid moment [Nm] 145.19 60.38 112.14 152.55 151.35 187.56 212.97 228.99 227.98
Femur-low moment [Nm] 174.16 95.40 128.57 149.17 152.00 168.65 165.37 164.35 159.59
MCL elongation [mm] 31.01 12.37 16.70 19.55 31.97 31.28 32.30 31.92 31.11
ACL elongation [mm] 15.12 2.39 3.44 3.52 13.56 15.53 16.81 16.89 17.91
PCL elongation [mm] 14.78 0.99 1.07 1.44 11.99 12.90 15.89 15.71 17.31
Tibia-up moment [Nm] 137.29 73.15 109.57 126.58 123.46 128.17 124.04 124.57 121.24
Tibia-midup moment [Nm] 127.45 87.90 101.98 108.41 108.58 112.92 112.77 112.49 111.45
Tibia-midlow moment [Nm] 151.23 143.42 140.92 140.10 140.61 140.04 140.03 141.16 141.05
Tibia-low moment [Nm] 103.79 108.45 107.17 106.96 105.60 106.66 106.50 105.51 105.52



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


