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Purpose: The purpose of the current study was to develop and validate a finite element (FE) pedestrian model with high computa-
tional efficiency and stability using a novel modeling approach. Methods: Firstly, a novel modeling approach of using hollow structures
(HS) to simulate the mechanical properties of soft tissues under impact loading was proposed and evaluated. Then, an FE pedestrian
model was developed, employing this modeling approach based on the Total Human Model for Safety (THUMS) pedestrian model,
named as THUMS-HS model. Finally, the biofidelity of the THUMS-HS model was validated against cadaver test data at both segment
and full-body level. Results: The results show that the proposed hollow structures can simulate the mechanical properties of soft tissues
and the predictions of the THUMS-HS model show good agreement with the cadaver test data under impact loading. Simulations also
prove that the THUMS-HS model has high computational efficiency and stability. Conclusions: The proposed modeling approach of
using hollow structures to simulate the mechanical properties of soft tissues is plausible and the THUMS-HS model could be used as
a valid, efficient and robust numerical tool for analysis of pedestrian safety in vehicle collisions.

Key words: FE human body modeling, computational efficiency and stability, pedestrian safety

1. Introduction

Biomechanical studies of human injury mecha-
nism and prevention have provided useful references
for vehicle safety evaluation and design, where finite
element (FE) human body models have become one of
the most important tools. During the past few decades,
many FE human body models have been developed
and applied in vehicle safety analysis, including seg-
ment and full-scale body models [9], [16], [24], [31],
[32]. For full-scale human body models, the GHBMC
adult male 50th percentile models [23], [25] and Total
Human Model for Safety (THUMS) models in different
postures and sizes [21] are popular in vehicle safety

analysis. These models are generally well developed
with detailed anatomical structures and have been
fully validated against cadaver test data [21], [23]–
[25]. However, there are still some limitations in these
detailed human body models for expensive simula-
tions (e.g., large-scale or long duration simulations)
and high impact energy scenarios (e.g., high impact
speed), given the low computational efficiency (long
computing time) and stability (usually error termina-
tion due to negative volume of solid elements). Previ-
ous studies have focused on improving the computa-
tional efficiency of these detailed human body models
using simplified geometry and large sized solid ele-
ments for modeling the soft tissues, such as subcuta-
neous fat, skeletal muscle and organs [10], [23]. But
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this simplification method could not eliminate error
termination from negative volume of solid elements in
high energy crash simulations. Furthermore, the high
quality requirement for solid elements from solving
precision also increases the difficulty of model devel-
opment [31].

On the other hand, current vehicle evaluation in
the New Car Assessment Programs (NCAP) for pe-
destrian protection only focuses on impact speeds at or
below 40 km/h [1], [2]. Though accident analysis im-
plies that current vehicles are safer than the past [12],
[13], [19], the fatality risk at 40 km/h is only about
5% [18] and more than 270 000 pedestrians are still
killed on the road every year [29]. Current pedestrian
protection regulations should raise their requirements
to focus on impact scenarios with a relatively higher
fatality risk, such as crashes at an impact speed sig-
nificantly higher than 40 km/h. Biomechanical analysis
of pedestrian safety in crashes at high impact speeds
would be helpful. Unfortunately, this kind of study
is scarce and our preliminary attempts on this were
failed due to error terminations of simulations for
negative volume of solid elements in the pedestrian
model. Thus, FE pedestrian models with high com-
putational stability in high impact energy scenarios
are on demand.

Therefore, the purpose of the current study was to
develop an FE pedestrian model with high computa-
tional efficiency and stability. Firstly, a modeling
approach of using hollow structures to simulate the
mechanical properties of soft tissues under impact
loading was proposed. Then, a pedestrian model was
developed applying the hollow structure modeling
approach to modify the subcutaneous fat and skeletal
muscle in the THUMS AM50 Version 5.0 model
(mentioned as THUMS model hereinafter), and full
validation against cadaver test data was carried out for
this modified model.

2. Materials and methods

2.1. Basic concept
of using hollow structures
in human body modeling

Hollow structures (or honeycomb structures) are
widely used in mechanical devices for their superior
strength/weight relationship and good energy absorption
properties [4], [14]. In FE modeling, hollow structures
can be simulated using shell elements [4], which have

higher computational efficiency and stability com-
pared to solid elements under crash loading [15], [31].
Thus, the current work proposes the concept of using
hollow structures to simulate the mechanical properties
of human body soft tissues. To evaluate this concept,
basic impact simulations were carried out using LS-
-DYNA codes [15], where the solid and hollow struc-
tures (size = 180 mm  180 mm  90 mm) were struck
by a rigid impactor (diameter = 90 mm, weight = 5 kg
and initial velocity = 40 km/h) (Fig. 1). In the simula-
tions, the bottom surface of the solid and hollow
structures was fixed. The solid structure was modeled
by solid elements and rubber material (MAT 181 in
LS-DYNA) [15], which is commonly used for simu-
lating soft tissues in human body modeling [17], [21].
The material properties used for the skeletal muscle
(upper and lower limbs) and subcutaneous fat (thorax
and abdomen) in the THUMS model were employed
to the solid structure, respectively (Table 1). The hol-
low structure was modeled as grids in size of 30 mm
 30 mm  30 mm using shell elements in thickness
of 1.5 mm, and plastic material was defined since this
is a computationally efficient model in FE modeling
[15]. A optimization was conducted to find the Young’s
modulus and yield stress (Table 1) for the plastic ma-
terial of the hollow structures that can predict the me-
chanical properties of the solid structures of skeletal
muscle and subcutaneous fat, respectively. In the op-
timization framework, direct communication between
the genetic algorithm (GA) and simulation input/out-
put was built and the fitness (calculated by the least
square method) of the force-displacement curve be-
tween a hollow and corresponding solid structure was
defined as the optimization objective. The reliability
of this optimization framework has been proved in our
previous study [19]. The predicted deformation and
force-displacement curves were compared between
the solid and hollow structures (Fig. 2), where the
hollow structures can generally predicted the me-
chanical properties of soft tissues under impact load-
ing. Thus, this hollow structure modeling approach is
plausible.

Fig. 1. Basic impact simulations
for the solid and hollow structures
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2.2. FE pedestrian model
with hollow structures

Based on the above modeling approach, an FE pe-
destrian model (named as THUMS-HS model) was
developed by replacing the subcutaneous fat and
skeletal muscle in the THUMS model with hollow
structures (Fig. 3). To improve the computing effi-
ciency further, the bones in upper and lower limbs of
the THUMS-HS model were simulated using single-
layer shell elements. The head, neck and bones and or-
gans in thorax and abdomen were kept as solid parts, as
defined in the THUMS model. The THUMS-HS model
contains about 500,000 shell elements (400 000 in the
THUMS) and 760 000 solid elements (1 400 000 in
the THUMS). The material properties for the hollow

Fig. 3. THUMS model with hollow structures (THUMS-HS)

structures listed in Table 1 were defined to the skeletal
muscle (upper and lower limbs) and subcutaneous fat
(thorax and abdomen) accordingly in the THUMS-HS
model. For the bones in upper and lower limbs, elasto-
plastic material model and material properties re-
ported in a previous study [32] were defined.

2.3. THUMS-HS model validation

Validation of the THUMS-HS model focuses on
both segment and full body levels, similarly to previous
studies [10], [23]. For the leg and thigh, the dynamic
three point bending tests from Kerrigan et al. [6] were
simulated using the THUMS-HS model, where the
loading position was set at the middle of the leg/thigh
and the loading direction was at the L–M direction with
a speed of 1.5 m/s (Fig. 4).

Cadaver impact tests to the pelvis, abdomen, tho-
rax and shoulder from previous studies [8], [26] were
simulated for validation to the torso (Fig. 5). The im-
pactor was 23.4 kg in weight and 150 mm in diameter
for tests to the pelvis, abdomen, and thorax. The im-
pactor for the shoulder had the same dimensions but
a mass of 23 kg. For each body part, the same impact
direction and location as the tests were defined, and
two impact velocities used in the cadaver tests were
employed. In the pelvis validation, the forearm was
removed from the full body model to avoid interfer-
ence, but the corresponding mass was attached to the
elbow to keep the inertial force.

Table 1. Material properties for the solid and hollow structures

Structure Material
model Body part Linear

bulk modulus
Young’s
modulus

Yield
stress

Force-displacement
curve

Skeletal muscle 1000 MPa / / Fig. A1
Solid Rubber Subcutaneous fat 4.59 MPa / / Fig. A2

Skeletal muscle / 100 MPa 4 MPa /
Hollow Plastic Subcutaneous fat / 50 MPa 2 MPa /

(a)      (b) 

Fig. 2. Predicted force-displacement curves for the solid and hollow structures:
skeletal muscle (a) and subcutaneous fat (b)
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(a) 

(b) 

Fig. 4. Leg (a) and thigh (b) dynamic three point bending test setup

Fig. 5. Pelvis (a), abdomen (b), thorax (c)
and shoulder (d) impact tests setup

Fig. 6. Car-to-pedestrian impact test setup

For the validation at the full-body level, a vehicle-
-to-pedestrian impact simulation was defined according
to the cadaver test setup in Kerrigan et al. [7] (Fig. 6). In
the simulation, a simplified sedan front model in the
same geometry as the car used in the cadaver tests was

employed, which was the simplification approach for car
front models used in previous studies [10], [22], [30].
The hands of the THUMS-HS model were tied in front
and the legs were set in a walking posture. The impact
velocity was at 40 km/h from the right sight of the
model. The trajectories of head, T1, T8 and pelvis
were extracted from the simulation according to the
corresponding locations of the record mark fixation
points in the tests [7]. The correlation between the
predictions and cadaver test data was assessed quan-
titatively using the CORA (correlation analysis)
method, similarly to previous studies [10], [23], [33].
In the CORA, the corridor method (CORA-CD) cal-
culates the deviation between the predicting curve and
the reference corridors, while the cross-correlation
method (CORA-CL) evaluates specific curve fitness
to the target through parameters [3]. A CORA rating
closer to 100% indicates a better fitness.

3. Results

3.1. Validation at the segment level

In Figure 7, the predicted force-displacement and
moment-displacement curves from the leg and thigh
of the THUMS-HS model together with the corridors
from cadaver tests were shown. For both leg and
thigh, the predictions from the THUMS-HS model
were within the corridors of cadaver test data (adapted
from Ivarsson et al. [5]).

Fig. 7. Force-displacement and moment-displacement curves
predicted from THUMS-HS

versus cadaver data: (a) leg and (b) thigh
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Fig. 8. Impact force time history curves
predicted from THUMS-HS model versus cadaver data:

(a) pelvis, (b) abdomen, (c) thorax and (d) shoulder

In Figure 8, the impact force time history curves
predicted from the THUMS-HS model with the corri-
dors from cadaver test data (adapted from Untaroiu et
al. [23]) for different body parts are compared. Gener-
ally, the predictions are within the corridors excepting
some minor errors at the early stage of impact in the
abdomen and thorax cases.

3.2. Validation at the full-body level

In Figure 9a, the overall kinematics between the
THUMS-HS model and a typical cadaver test are
compared and in Fig. 9b, the predicted trajectories
from the THUMS-HS and THUMS model together
with the cadaver test average values are shown [7].
The CORA rating results for each body part of the
THUMS-HS model referring to the THUMS model
and test average data are also shown in Fig. 9b. Gen-

erally, the overall kinematics of the THUMS-HS
model matches the cadaver well, though some differ-
ences are observed in the lower limbs. The trajectories
of the head, T1, T8 and pelvis of the THUMS-HS
model are close to those of the THUMS model and
cadaver test average data, and the CORA rating re-
sults (>99%) are all close to full mark.

Fig. 9. Comparison of (a) over kinematics and (b) trajectories
of the head, T1, T8 and pelvis between the THUMS-HS model,

THUMS model and cadaver test data

4. Discussion

4.1. Capability
of the THUMS-HS model

The current work proposed a novel modeling ap-
proach of employing hollow structures to simulate
soft tissues in FE human body model and developed
the THUMS-HS model using this approach based on
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the THUMS model. The basic concept of using hol-
low structures to simulate solid soft tissues was evalu-
ated firstly, and the results suggest that this approach
could generally predict mechanical response of solid
structures when proper material properties are defined
(Fig. 2, Table 1). This approach could be employed in
other similar human body FE modeling work with the
perpose of saving computing time and improving com-
putational stability. The current work is the first attempt
to develop a FE pedestrian model using hollow struc-
tures to simulate subcutaneous fat and skeletal muscle.
The validation results at segment level indicate that the
THUMS-HS model has good capability in predicting
mechanical response under lateral impact loading for
the lower limb, pelvis, abdomen, thorax and shoulder
(Figs. 7, 8). The validation results at full-body level
also show that the kinematics predicted from the
THUMS-HS model matches the cadaver data well
(Fig. 9). The above validation method has also been
employed in previous studies of developing pedestrian
models [10], [23], [33].

The computational efficiency of the THUMS-HS
model was compared with the original THUMS model
in our preliminary analysis (CPU i7 9700k), where the
computing time of the THUMS-HS model (4.5 hours)
for a 150 ms duration vehicle-to-pedestrian impact

simulation was only one third of that for the THUMS
model (15 hours). This improvement of computational
efficiency is due to the reduction of solid element
number (760 000 vs. 1 400 000) and implication of
simple material model (plastic material vs. rubber ma-
terial) in the THUMS-HS model compared with the
original THUMS model.

For computational stability, the body tissues that
usually suffer excessive deformation under impact
loading, e.g., subcutaneous fat and skeletal muscle, were
replaced by hollow structures using shell elements in the
THUMS-HS model. This can largely reduce the errors
from negative volume in solid elements when exces-
sive deformation occurred. To verify the computa-
tional stability of the THUMS-HS model, simulations
of vehicle-to-pedestrian impact at 70 km/h were de-
fined (Fig. 10), where the sedan and SUV front mod-
els were extracted from the full scale vehicle models of
Toyota Camry 2012 and Toyota RAV4 1997 downloaded
from the NCAC website (http://www.ncac.gwu.edu/
vml/models.html). In Figure 11, the predicted overall
kinematics of the THUMS-HS model in sedan and
SUV crashes at the impact speed of 70 km/h were
shown, where no solving error was occurred in the
simulations, but simulations using the original THUMS
model under the same impact loading all terminated

Fig. 10. Vehicle-to-pedestrian impact simulation setup: SUV crash (a) and sedan crash (b)

Fig. 11. Kinematics of the THUMS-HS model in sedan and SUV crashes at 70 km/h
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abnormality at the early stage of simulation (before
50 ms) due to errors of negative volume in solid ele-
ments in the lower limb and pelvis.

Previous studies focusing on reduction of element
number in detailed human body models have also
achieved significant improvement on model comput-
ing efficiency [11], [23]. However, the consideration
of using hollow structures and simple material model
to improve computing efficiency and stability in hu-
man body modeling has not been reported before.
Besides, the human body modeling method coupling
multibody and FE segments can also achieve the goal
of high computational efficiency and stability [28],
[33]. However, this method needs to replace the cou-
pling parts when studying the injury of different
body parts, and the accuracy of the coupling solution
from a variety of software is difficult to guarantee.
The above findings together with the recognized
biofidelity of the THUMS model reported in previous
studies [11], [27], [30] imply that the THUMS-HS
model could be used as a valid, efficient and robust
numerical tool for pedestrian safety analysis in vehi-
cle collisions.

4.2. Limitations

It should be noted that the proposed hollow struc-
ture together with the specific material properties can
generally predict the mechanical response of solid soft
tissues under impact loading, but could not be used for
modeling soft tissues in detail. The selection of hol-
low structure, material and properties in the current
study is not the unique solution for predicting the
mechanical response of human body tissues, users can
have their own definition according to loading condi-
tion. The compression response in Fig. 2 indicates that
the effect of bulk modulus in solid elements could not
been predicted by the hollow structure. For model
validation, only one impact scenario was considered
in validation of the THUMS-HS model at the full
body level. However, this is one of the common diffi-
culties in FE human body evaluation given the limited
availability of test data [10], [23], [33].

5. Conclusions

The current study proposed a novel modeling ap-
proach of using hollow structures to simulate the me-
chanical properties of soft tissues under impact load-
ing, developed a pedestrian FE model (named as

THUMS-HS) employing this modeling approach based
on the THUMS pedestrian model, and evaluated the
biofidelity and computational efficiency and stability
of the THUMS-HS model. The results show that the
proposed hollow structures can simulate the mechani-
cal properties of soft tissues under impact loading.
The predictions of the THUMS-HS model show good
agreements with the cadaver test data at both segment
and full body levels. Simulations also prove that the
THUMS-HS model has high computational efficiency
and stability. The findings indicate that the proposed
modeling approach of using hollow structures to simu-
late the mechanical properties of soft tissues is plausible
and the THUMS-HS model could be used as a valid,
efficient and robust numerical tool for analysis of
pedestrian safety in vehicle collisions.
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