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1. Introduction

Improving crash safety of cars has become an important con-
tent in the research of automotive safety. The optimum
design of intelligent crash test technology and devices for
automotive safety has become a hot issue in the field. In order
to test active safety or passive safety by braking or crash
tests, intelligent testing devices (also called anthropomor-
phic test devices (ATDs) or crash test dummies) need to
describe and simulate the damage mechanism and the tol-
erance limit of biological characteristics of the human body,
such as dynamics and kinematics response to impact or
acceleration. This is essential to protect human beings from
car accidents.

Along with the increasing exploration of nature, organ-
isms with rigid flexible coupling structures are gradually
discovered, which have excellent performances such as
impact resistance, abrasion resistance, and drag reduction.
The combination of bionics and biomechanics constantly
brings about new inspiration and innovation to the field of
engineering and automotive safety. So, this special issue
called for original research articles on basic biomechanical
researches of the human body, computer simulation for
human body modeling and analysis, new development of
intelligent anthropomorphic test devices for measuring the
response of the human body in certain environments where
an impact or other loadings are applied to the body, and
the application of bionic structures in automobiles to
improve their anticollision performance. The contents can

involve bionics, biomechanics, automobile engineering,
human body modeling, impact and contact mechanics, mate-
rials science of skin, and high-precision sensor informatics
and mechanical processing technology. The highly integrated
dummy design is also subject to various standard calibration
tests, so this special issue is a cross-discipline.

2. Injury Criteria

In crash tests of cars, each part of the occupant could be
injured to varying degrees. Some injury criteria of key parts
are shown in Table 1, and the specific meanings of the sym-
bols can be found in [1].

3. Description of the Special Issue

This special issue accepted 5 papers out of 10 after careful
reviewing by editors, which leads to an acceptance ratio of
50%. The 5 papers focuse on crash dummy improvement,
injury characteristics of knee joints, and injury in some spe-
cial conditions.

T. Xu et al. review the development and validation of
dummies and human models used in crash tests. The
mechanical dummies are introduced according to the col-
lision types: frontal impact dummy, side impact dummy,
and rear impact dummy. And the human model section
details WSU, HUMOS, THUMS, and GHBMC human
models. From the article, we can see the technological
progress of the dummies and the human body models.
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Injury criteria and biomechanical tests in early time are
also introduced.

Y. Xiong et al. explore the mechanical response and
injury characteristics of knee joints at different speeds
using impact experiment with cadaveric knee samples
and finite element simulation. The tests are all carried
under conditions of longitudinal impacts, and the results
all show that low-speed impact mainly leads to medial
injuries, while high-speed impact leads to both medial
and lateral injuries. The study can provide research basis
for the prevention and treatment of longitudinal impact
injuries of knee joints.

S. Wang et al. use finite element models to analyze
how the panel design parameters can affect occupant head
injuries. The paper focuses on the three factors of panel
hardness, elastic modulus of the filling and frame, and
the distance from fixed location. The findings indicate that
a soft panel with a long fixing distance is beneficial for the
head prevention.

I. L. Cruz-Jaramillo et al. study the head injury crite-
rion (HIC) and chest severity index (CSI) with a
6-year-old Hybrid III dummy in the low-back booster
(LBB) passive safety system. The findings of this study
suggest that using materials, the attachment system of
the LBB and the belt restraint system properly placed over
the infant trunk are the main factors to reduce the injury
criterion rate.

H. Guo et al. applied a novel biobjective algorithm New-
ton Neumann Series Expansion Frisch Algorithm (NNSEFA)
to dummy head FE experiment. By optimizing the dummy
head with the algorithm, the improved model has a better
accuracy in the collision simulation. The application of the
biobjective optimization algorithm provides new ideas for
occupant safety design.
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Table 1: Injury criteria of key parts.

Part Injury criterion Formula

Head HIC HIC = t2 − t1 1/t2 − t1
t2

t1

adt

2 5

Neck Nij Nij = Fz/Fint + My/Mint

Chest CTI CTI = Amax/Aint + Dmax/Dint

Tibia TI TI = MR/MR max + FZ/FZ max
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In this paper, two novel algorithms are designed for solving biobjective optimization engineering problems. In order to obtain the
optimal solutions of the biobjective optimization problems in a fast and accurate manner, the algorithms, which have combined
Newton’s method with Neumann series expansion as well as the weighted sum method, are applied to deal with two objectives,
and the Pareto optimal front is achieved through adjusting weighted factors. Theoretical analysis and numerical examples
demonstrate the validity and effectiveness of the proposed algorithms. Moreover, an effective biobjective optimization strategy,
which is based upon the two algorithms and the surrogate model method, is developed for engineering problems. The
effectiveness of the optimization strategy is proved by its application to the optimal design of the dummy head structure in the
car crash experiments.

1. Introduction

It is very important to research on the multiobjective optimi-
zation problems in the engineering designs. For example, the
economist fuel, the maximum carrying capacity, and the
lightest weight need to be considered at the same time in the
design of aircraft and spacecraft [1]; the strong rigidity, light-
weight, and low-ordermodes also need to be considered com-
monly in the thin-walled beam section optimization problem
of the automobile body structure design [2]. According to the
investigation on the dummy head under automobile impact
condition, the peak of synthetic acceleration of frontal and
lateral drop is the main indicators of mechanical characteris-
tics of dummy head [3]. A bilevel optimization was carried
out for the cross-sectional shape of a thin-walled car body
frame constrained with static and dynamic stiffness [4]. The
common coin of these engineering problems is complex
mechanical structure and too much design variables always
lead to the intricate solving procedure and large amount of

computation with the purpose of multiple objectives meeting
the best simultaneously. However, in most cases, the change
of one target may cause an influence on the other ones. It is
almost impossible to get a solution which can make each
objective function reach the optimal value [5]. Therefore,
the importance of carrying out the research of multiobjective
optimization is of significance to engineering itself especially.

In most cases, an optimal solution which meets all objec-
tives at the same time in a multiobjective problem does not
exist. Thus, the key to describe an optimization problem is
establishing a scientific and reasonable standard. However,
it is also an effective and acceptable way to keep all object
values on a relatively better level in the case that the optimal
solutions cannot be obtained simultaneously. So, designers
can choose one from several groups of the relatively better
designs to guide decisions based on engineering background
knowledge. The concept of Pareto optimal solution in a mul-
tiobjective optimization problem is an objective description
which can take into account of every object thoroughly, so
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that optimization schemes can be calculated by designers in
the circumstances of keeping the whole optimization level
from dropping [6].

The idea of solving numerical multiobjective optimiza-
tion problem is a scalarization process, which uses a suitable
scalar (single objective) optimization problem instead of the
vector (multiobjective) optimization problem [7]. The com-
monly used algorithms are provided for scalarization process
such as minimax method [8], constraint method [9], and
usual weighted sum method [10].

The proposed minimax method is a classical multiobjec-
tive optimization algorithm [8]. By proving that the set of
Pareto optimal solutions coincides with the set of stationary
points, it is a parameter-free optimization method for com-
puting a point satisfying a certain first-order necessary condi-
tion in multiobjective optimization. It borrows the idea of
Newton’s method for single-objective optimization and with
respect to the authors’ theoretical results obtained; Newton’s
method for multiobjective optimization behaves exactly as its
counterpart for single-criterion optimization: it is fairly
robust with respect to the dimension of the problem and
the starting point chosen, the rate of convergence is at least
superlinear, and it is quadratic if the second derivatives are
Lipschitz-continuous. But the authors did not discuss the
adaptation of the approach they proposed for constrained
multiobjective problems. Quasi-Newton’s method for solving
multiobjective was proposed by Qu et al. [11] and Povalej
[12]. By using the well-known BFGS method and the idea
of [8], the authors had proven that quasi-Newton’s method
for multiobjective optimization converges superlinearly to
the solution of the given problem, if all functions involved
are twice continuously differentiable and strongly convex.
The advantage of this method, compared to Newton’s
approach, is that the approximation of Hessian matrices is
usually reasonably faster than their actual evaluation. This
difference is especially noticeable when the dimension of
the problem rises. The adaptation of this approach to con-
strained multiobjective optimization is not considered too.

The representative constraint method is ε-constraint
method [9]; it retains the objective function which designers
most prefer, as an objective function of single-objective opti-
mization function, turning other objective functions into
constraints by adding a restriction domain εi [13]. This algo-
rithm has high efficiency and produces Pareto solutions
which have a relatively broad range and does not need to
make a priority of getting each objective function in grading
(to determine the weight) [6]. However, ε-constraint method
cannot guarantee that the result is a Pareto optimal solution;
selecting an appropriate constraint value often requires some
prior knowledge and has a low calculating efficiency when
the number of objective function increases. The main draw-
backs of these commonmethods are the limitations on calcu-
lation and dissatisfactions with the quality of Pareto optimal
solutions [14].

The weighted sum method has been widely used because
of its simplicity and high computational efficiency [15]. The
early usual weighted sum method transforms multiple objec-
tives into an aggregated objective function by multiplying
each objective function by a weighted factor and adding them

up. But it has two drawbacks: difficulty to obtain Pareto
optimal solutions uniformly and failure to solve nonconvex
problems [16–18].

Many methods for solving nonconvex optimization
problems have been proposed over the decades. Typical one
is the normal-boundary intersection method (NBIM) [19].
It approaches a group of Pareto optimal solutions through
geometric intuition parametric method and gives an accurate
pattern of Pareto front. NBIM can not only obtain the Pareto
optimal solutions in nonconvex regions but also the solutions
are uniformly distributed. However, there are still serious
defects, for example, non-Pareto optimal solutions (domi-
nated solutions) are also obtained which must be filtered
out. The adaptive weighted sum method (AWSM) is pre-
sented for the biobjective optimization problems [20], by
adding inequality constraints based on traditional weighted
sum methods and redefining feasible regions of optimization
problems. So, the solve area is extended, and the optimal
solutions are iterated automatically.

There are many biobjective optimization problems in
engineering applications. The increase of each objective value
will immediately cause an influence on another one. For
example, energy-absorbing and impact force are a typical
pair of contradictory optimized objectives in bumper-crash
box design, which needs to make the maximum of impact
force decrease while maximize energy absorption to the peak
value. But in the practical engineering, with the rising of
energy absorption, the impact force of the crash box will be
even greater. So, the biobjective optimization is of great sig-
nificance in engineering.

In this paper, two new algorithms for biobjective optimi-
zation problem are presented. One is Newton Neumann
Series Expansion Algorithm (NNSEA) for unconstrained
problem and Newton Neumann Series Expansion Frisch
Algorithm (NNSEFA) for constrained problems. Two exam-
ples are given to demonstrate the valid and effectiveness of
the algorithms, respectively. Finally, two algorithms are
applied to the optimization problem in a dummy head
design, and some good results are obtained. The following
sections will discuss them in detail.

2. Newton Weighted Sum Algorithm for
Unconstrained Multiobjective Optimization

2.1. Definition and Some Theories of the Multiobjective
Optimization Problems. In order to accurately describe the
concept of Pareto optimal solution, some definitions and
symbols of multiobjective optimization will be presented first.

In this paper, denote by N+ the positive integer set, by R
the real number set, by Rn the n-dimensional real vector
space, and by Rn×n the linear space which is composed of
n-order real matrix. The Euclidean norm in Rn will be
denoted by ⋅ , and we will use the same notation ⋅ to
describe the induced operator norms on the corresponding
matrix spaces. x = x1, x2,… , xn

T ∈ Rn is a vector of design
variables. F x = f1 x , f2 x ,… , f l x

T ∈ Rl is the vector-
valued objective function which components f j x = f j x1,
x2,⋯,xn are n-variable real functions for all j = 1, 2,… , l.

2 Applied Bionics and Biomechanics



A general multiobjective optimization problem can be
defined as follows:

min  F x ,

s t  x ∈U ⊂ Rn,
1

where F x is called the objective vector-valued function and
U is the feasible region of (1). U can be described by

U = x ∈ Rn cj x = 0, ci x ≤ 0, j = 1,⋯,me, i =me + 1,⋯,m ,

2

where cj x = 0 and ci x ≥ 0 are the equality and inequality
constraints of multiobjective optimization, respectively. If
U = Rn, (1) is called an unconstrained multiobjective opti-
mization problem.

For solving (1), we provide the concept of Pareto opti-
mality as explained below.

Definition 1. A point x∗ ∈U is a local Pareto optimum or
local Pareto optimal solution of f x if and only if there does
not exist x ∈U such that

f x ≤ f x∗ , x ≠ x∗ 3

Note that if U and f x are both convex, then the local
Pareto optimality is equivalent to the global Pareto optimal-
ity. So a Pareto optimal solution means the reasonable solu-
tion, which satisfies the objectives at an acceptable level
without being dominated by any other solution.

In order to obtain the information of every objective
function and the change tendency of optimization process
more intuitively, the set of objective function values can be
used in case of making impolitic decision. The detailed defi-
nition is as below.

Definition 2. If V ⊂ Rn is the set of Pareto optimal solutions in
(1), then set P is a Pareto front of V for which

P = F x = f1 x , f2 x ,⋯,f l x x ∈ V 4

holds.
Assume f j x is twice continuously differentiable on fea-

sible region U , i.e., f j x ∈ C2 U . And for x ∈U ⊂ Rn, let ∇
f j x ∈ Rn and∇f j

2 x ∈ Rn×n denote the gradient andHessian
matrix of f j x at x for all j = 1, 2,… ,m, respectively.

Throughout the paper, unless explicitly mentioned, we
will assume that f j x ∈ C2 U with strong convexity which

implies the ∇f j
2 x is positive definite for all x ∈U ⊂ Rn,

and j = 1, 2,… ,m.

2.2. Newton Method Based on Weighted Sum Technique.
Newton’s method is extensively used in optimization prob-
lem, and the iteration direction includes the gradient and

Hessian matrix information of objectives. When the initial
iteration point is very close to the optimal point, the rate of
convergence is rapid. And if the objective functions satisfy
some conditions, it can achieve superlinear convergence or
quadratic convergence. So in multiobjective optimization
problem, Newton method combined with weighted sum
method is chosen as the main calculation algorithm. The der-
ivation process is as follows.

In the multiobjective optimization problem (1), f j x ∈
C2 U , the Taylor expansion of f j x around xk ∈U is

f j x = f j xk + ∇f j xk x − xk

+
1
2

x − xk T∇2 f j xk x − xk + ο x − xk 2
5

Hence, the second order approximate Taylor expansion
of f j x around xk ∈U is

f j x ≈ f j xk + ∇f j xk x − xk +
1
2

x − xk T∇2 f j xk x − xk
6

Here, in (6), ∇f j
2 xk is positive definite. Hence, the

problem is converted from finding the minimum of f j x
into finding the second order approximation minimum of
f j x . Since from the derivative of (6) at both sides with
respect to x, using the necessary condition of extreme value,
we obtain

∇f j xk + ∇2 f j xk x − xk = 0 7

Considering the algorithm is an iterative process, take
x = xk+1, we have the Newton iteration method for single
objective as

xk+1 = xk − ∇2 f j xk
−1
∇f j xk 8

And note the iteration direction of Newton’s method
for a single objective at xk

dk = xk+1 − xk = − ∇2 f j xk
−1
∇f j xk 9

For solving problem (1), by weighted sums of f j x for
all j = 1, 2,… ,m, we have the sum function which will be
denoted by Fλ x . Hence,

Fλ x = 〠
l

j=1
λj f j x

= 〠
l

j=1
λj f j xk + ∇f j xk Tdk +

1
2
dkT∇2 f j xk dk ,

10
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where the weighting factors will be denoted by λj and

λj ≥ 0, ∑l
j=1λj = 1 for all j = 1, 2,… , l.

Expression (10) can be calculated as the derivative at both
sides with respect to dk, then, the iterative formula of Newton
weighted sum algorithm for (1) is

xk+1 = xk − 〠
l

j=1
λj∇

2 f j xk
−1

〠
l

j=1
λj∇f j xk 11

So, we can conclude the direction of Newton weighted
sum algorithm for (1) at xk

dk = − 〠
l

j=1
λj∇

2 f j xk
−1

〠
l

j=1
λj∇f j xk 12

3. Neumann Series Expansion

The Neumann series is the expansion of the matrix inver-
sion, and its function lies in the efficiency of the matrix
inversion. In engineering, the problem can be solved by
the Newton method, and when there are many design var-
iables, a considerable amount of calculation is needed. But
when there are two object functions, the introduction of
expansion principle can not only maintain the advantages
of the Newton method but also reduce the work by half
that is needed to run two object functions. The theorem
is as follows:

Theorem 1. Assume that K ∈ Rn×n is a n-order invertible
matrix. Then, for matrix ΔK ∈ Rn×n, there exists N =K−1ΔK,
and when N < 1, such

K−1 = K + ΔK −1 = K I +K−1ΔK −1 = I +N −1K−1,
13

K−1 = I −N +N2+⋯+ −1 mNm+⋯ −1K−1 14

hold for m ∈N+. (14) is called the Neumann series expansion.
According to (10), the weighted sum function of problem

(31) is

Fλ x = 〠
2

j=1
λj f j x , 15

and the corresponding Newton’s iterative format is

xk+1 = xk − 〠
2

j=1
λj∇

2 f j xk
−1

〠
2

j=1
λj∇f j xk 16

Then the iterative direction vector of (16) at xk is

dk = − 〠
2

j=1
λj∇

2 f j xk
−1

〠
2

j=1
λj∇f j xk 17

According to (17) and Neumann series expansion of
Theorem 1, let K be the square matrix λ1∇2 f1 xk in (13),
and ΔK be the square matrix λ2∇2 f2 xk in (13), therefore,

N =K−1ΔK = λ1∇
2 f1 xk

−1
λ2∇

2 f2 xk

= λ2
λ1

∇2 f1 xk
−1∇2 f2 xk

18

Defineλ = λ2/λ1 > 0withλ1 + λ2 = 1. Thenwe should state
N < 1 holds with λ adjusted under some certain conditions.
Assume that U ⊂ Rn is a bounded set, for x =

x1, x2,… , xn
T ∈U , then G Rn ⟶ Rn×n defined by (19) is

a linear operator.

G x = ∇2 f j x ∈ Rn×n 19

Boundedness and continuity of G x are as follows.

Theorem 2. A linear operator G Rn ⟶ Rn×n is bounded if
and only if there exists a constant M > 0, such that

Gx ≤M x , x ∈U 20

holds.

Proof. Assume that G is a bounded linear operator, so the
unit ball B1 θ = x ∈ Rn ∣ x ≤ 1 can be mapped into a
bounded set on Rn×n by G, i.e., the image set of B1 θ is a
bounded set on Rn×n.

Take M = sup Gx ∣ x ∈ B1 θ . If θ ∈U , then θ sat-
isfies to (22). For any x ∈U , x ≠ θ, we have x/ x ∈ B1 θ and

G
x
x ≤M, 21

i.e.,

Gx ≤M x , x ∈U , x ≠ θ 22

Therefore, if G is a bounded linear operator, then
(22) holds.

Inversely, assume that (22) holds. The boundedness of
U ⊂ Rn implies that there exists a positive constant M1
such that

a ≤M1, for a ∈U 23

And there exists a ∈U , such that

y = Ga 24

holds for every y ∈GU . From (20), we have

y = Ga ≤M a ≤M ⋅M1 25

4 Applied Bionics and Biomechanics



Therefore, sup y : y = Ga, a ∈U ≤M ⋅M1, i.e., GU
is a bounded set on ℝn×n.

Theorem 3. A linear operator G Rn ⟶ Rn×n is continues if
and only if G is bounded.

Proof. (The necessary condition). Assume G is unbounded,
then the inequality (20) is not satisfied. Hence, if there exists
xn ∈ Rn, such that

Gxn > n xn 26

holds for any natural number n. Take yn = xn/n xn , we have

Gyn > 1, yn =
1
n
⟶ 0 n⟶∞ , 27

therefore, yn ⟶ θ but Gyn⟶θ which is contradictious to
the continuity of G.

(The sufficient condition). From the inequality (20), if
xn ⟶ θ, then we have

Gxn ≤M xn ⟶ 0 n⟶∞ , 28

therefore, Gxn ⟶ θ and G is continuous.

Because of G x = ∇2 f j x and under the assumption of

∇2 f j x is continuous matrix function for j = 1, 2. Therefore,
the linear operator G is bounded on U ⊂ Rn.

From the foregoing, we concluded that G is a continuous
and bounded linear operator, so G x has an upper bound
W1 on U . Similarly, linear operator G−1 x = ∇2 f j x

−1 and

G−1 x have their own upper bound W1′ = 1/W1 on U for
j = 1, 2. So, back to (18) and the compatibility of norms, we
can have

N = λ2
λ1

∇2 f1 xk
−1∇2 f2 xk

≤
λ2
λ1

∇2 f1 xk −1 ⋅ ∇2 f2 xk
29

In (29), ∇2 f1 xk −1 ⋅ ∇2 f2 xk has a public upper
bound which denoted byW > 0. Hence, it can fully satisfy the
requirement of N < 1 by adjusting λ = λ2/λ1 appropriately.

4. An Algorithm for Unconstrained Biobjective
Optimization Problem Based on Neumann
Series Expansion (NSE)

When there are only two objective functions, a biobjective
optimization algorithm is established in this paper by intro-
ducing the technique of NSE [21] to Newton weighted sum
method. With this algorithm, the complicated inverse calcu-
lation of n-rank matrix is avoided. It is only needed to calcu-
late the inversion once for Hessian matrix of one objective
function in (1). So the operating speed is improved especially
in a high-dimensional design variables condition. Hence, the

proposed algorithm is named as Newton Neumann Series
Expansion Algorithm (NNSEA).

When there are only two objective functions, rewrite the
problem (1) as

F x =min   f1 x , f2 x T ,

s t  
ci x = 0, i = 1, 2,… ,me,

ci x ≤ 0, i =me + 1,… ,m

30

Note that when the feasible region U is extended to
ℝn, the constraints are invalid and (30) can be turned into
unconstrained biobjective optimization as

F x
x∈ℝn

=min
x∈ℝn

f1 x , f2 x T 31

The whole process of NNSEA for calculating a biobjec-
tive Pareto optimal solution is symbolized by Algorithm 1
as follows.

By selecting multiple groups of weighting factors, each
group can obtain a Pareto optimal solution and the corre-
sponding Pareto front. The process of NNSEA for solving
unconstrained biobjective is shown in Figure 1.

5. NNSEFA Based on NNSEA

NNSEA is a method for solving unconstrained biobjective
optimization problem. But the design variables are mostly
under some inequality constraints in engineering application.
Therefore, to improve the NNSEA by handling constraints is
of great significance in engineering case. By introducing a
penalty function, the constraints can be transformed to pen-
alty terms and integrated into objective functions. Based on
the NNSEA and combined with Frisch’s penalty function
method, the proposed algorithm for solving constrained
biobjective optimization is named Newton Neumann Series
Expansion Frisch Algorithm (NNSEFA).

5.1. Handling the Constraints with Frisch Penalty Function.
The Frisch penalty function is one of the interior penalty
function methods by employing a logarithm to handle with
the constraint. In problem (30) with constraints

ci x ≤ 0, i = 1, 2,… ,m 32

The penalty term is constructed by Frisch’s method,
which is expressed as

q x = −
1
σ
〠
m

i=1
log −ci x 33

When the penalty term q x is closer to zero, it means
that design variables satisfy the constraints. During the solv-
ing process, q x should be scaled down until it is small
enough to be neglected compared to the object values. At this
moment, the obtained solution can not only be equivalent to
the optimal solution of the original problem but also satisfy
the constraints. The process of NNESFA is as follows.
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First, denote the logarithmic penalty function of f j x as

pj x = f j x −
1
σ
〠
m

i=1
log −ci x , 34

the Taylor expansion of pj x around xk ∈U is

pj x = pj xk + ∇pj xk x − xk

+
1
2

x − xk T∇2pj xk x − xk + ο x − xk 2

35

Hence, the second order approximation Taylor expan-
sion of pj x around xk ∈U is

pj x ≈ pj xk + ∇pj xk x − xk +
1
2

x − xk T∇2pj xk x − xk
36

Then, by adding pj x together for j = 1, 2, a sum func-
tion denoted by Pλ x which can be expressed as

Pλ x = 〠
2

j=1
λjpj x

= 〠
2

j=1
λj pj xk + ∇pj xk Td + 1

2
dT∇2pj xk d ,

37

where ∑2
j=1λj = 1 and λj > 0.

By taking derivative of (37) at both sides with respect to
d, the iterative formula is

xk+1 = xk − 〠
2

j=1
λj∇

2pj xk
−1

〠
2

j=1
λj∇pj xk 38

(Initialization)
Step 1 Choose x0 ∈U and a set of weighting factors λ1, λ2 , and stopping criteria denoted by a small value ε > 0, solve ∇f j x0 for

j = 1, 2, ∇2 f1 x0 −1, ∇2 f2 x0 .
(Main loop)

Step 2 If ∑2
j=1λj∇f j xk ≤ ε, then stop and output xk. Else, go to Step 3.

Step 3 Solve N = λ2/λ1 ∇2 f1 xk
−1∇2 f2 xk ,

If N < 1, the direction is
dk = − 1/λ1 I −N +N2 −N3 ∇2 f1 xk −1 ∑2

j=1λj∇f j xk ;
Else, adjust weighting factors λ1 and λ2 to satisfy with N < 1.
(Update)

Step 4 Define xk+1 = xk + dk.
Step 5 Set k≔ k + 1,go to Step 2.

Algorithm 1

Start

Give q sets of weighting factors �휆t = (�휆1,�휆2), t = 1,2,⋯,q 

t = 1

t ≤ q No

Yes

Choose weighting factor �휆t

Use algrorithm 1 to calculate
pareto optimal solution xt

Calculate the objective functions
F (xt) = f1(xt),f2 (xt)

Output all pareto optimal solutions and the
corresponding objective function values

Output the coordinates of pareto
front and all optimal values

Finish

t = t + 1

Figure 1: The process of NNSEA for solving unconstrained biobjective optimization.
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So, the iteration direction at xk is

dk = − 〠
2

j=1
λj∇

2pj xk
−1

〠
2

j=1
λj∇pj xk 39

Just like NNSEA, by calculating N = λ2/λ1 ∇2p1 xk
−1

∇2p2 xk , and based on the valve of N , we choose the
direction properly. In order to ensure all the directions are
descending during the optimization, an identification pro-
cess is introduced. Taking the negative gradient direction
of sum function, i.e., dk = −∑2

j=1λj∇pj xk . The criterion of
this strategy is the product of Newton direction and negative
gradient direction denoted by

ak = − 〠
2

j=1
λj∇pj xk

T

〠
2

j=1
λj∇

2pj xk
−1

〠
2

j=1
λj∇pj xk

40

5.2. NNSEFA for Constrained Biobjective Optimization
Problem. The whole process of NNSEFA for calculating a
constrained biobjective Pareto optimal solution is symbol-
ized by Algorithm 2 as follows.

Similarly, by selecting multiple groups of weighting fac-
tors, each group can obtain a Pareto optimal solution and
the corresponding Pareto front. The process of NNSEFA
for solving inequality constrained biobjective is shown in
Figure 2.

6. Numerical Examples

Two benchmark test examples are chosen to test the effec-
tiveness of NNSEA and NNSEFA. The first is an example
from a published paper [22] for NNSEA. The second one
is from the Genetic Algorithm Toolkit (GATOOL) of
MATLAB for NNSEFA.

6.1. Test 1.

min F x =
F1 = x1 − 1 2 + x1 − x2

2,

F2 = x2 − 3 2 + x1 − x2
2

41

Start coding in MATLAB 7.9.0(R2009b) for NNSEA,
and set ε = 10−5, weighting factors λ = λ1, λ2 are generated
in 0, 1 . Initial point x0 = x1, x2

T = 1, 0 T . Note that the
weighting factors are generated in two approaches, one is gen-
erated randomly, and another is provided uniformly. Then
start the calculation and output the coordinates of Pareto front
with all 200 groups of optimal solutions in Figures 3 and 4.

As can be seen in Figures 3 and 4, each red asterisks rep-
resents a Pareto optimal function value of one specific set of
weighting factor. And all the function values compose the
Pareto front. The blue asterisks and blue lines represent the
iterative points and descent directions in the whole process.
200 groups of Pareto optimal solutions are all convergent
and distributed uniformly and broadly. In this paper, the cal-
culations are executed 20 times by each weighting factor

generate approach, the detailed information is listed in
Table 1. It is clear that this NNSEA has high performance
and good adaptability for biobjective optimization problem.

6.2. Test 2.

min  F x =
F1 = x41 − 10x21 + x1x2 + x42 − x21x

2
2,

F2 = x42 − x21x
2
2 + x41 + x1x2,

s t  
−5 ≤ x1 ≤ 5,

−5 ≤ x2 ≤ 5
42

Similarly, in test 2we set ε = 10−5 andweighting factors are
generated in 0, 1 randomly. Initial point is x0 = x1, x2

T =
2,−2 T , and set coefficients α = 0 9, ρ = 0 9, η = 0 05with ini-
tial σ = 2, the iterative number for calculating every Pareto
optimal solution is no more than 200. Then start the calcula-
tion and output the coordinates of Pareto front with all 200
groups of optimal solutions in Figure 5.

Only the Pareto front is displayed for giving an observa-
tion of function values more clearly. In the biobjective opti-
mization problem, the middle section of Pareto front
should be emphatically focused because of the values of this
section, without favoring either function. We can see the
middle section of the red asterisks, which are arranged
smoothly and compactly, in Figure 6. Executed 20 times in
the same computer and recorded, the average time of calcu-
lation is 270.85 s with the average number of iterative for
each Pareto solution of 8.54, and all the Pareto optimal solu-
tions are convergent which means NNSEFA has a good per-
formance of efficiency and convergence.

7. Biobjective Optimization for DummyHead in
Car Crash Experiment

With the rapid development of automobile industry, the pas-
sive safety of automobiles has become a more and more
important research subject for enterprises and research insti-
tutes. As an anthropomorphic test device, collision dummies
are widely used in automobile safety testing. The collision
dummy is made up of the head, neck, chest, buttocks, upper
limbs, and lower limbs. Head injury is one of the most com-
mon injuries in traffic accidents, and statistics show that the
mortality caused by head injury is the highest, which
accounts for 68% of all deaths, making head injury the great-
est killer in car accidents [23]. Therefore, research on dummy
head structure in automobile crashes is essential to head
injury analysis and vehicle safety.

7.1. Modeling of Biobjective Optimization Problem for
Dummy Head Design. In this paper, to improve the efficiency
of the dummy head analysis, a simplified dummy head model
is developed based on the finite element (FE) model of
Hybrid III 50th. Sensitivity analysis and the equivalent
modeling in mechanics are applied to developing the new
simplified dummy head structure. Through sensitivity analy-
sis of the materials used for dummy head structure such as
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artificial skin and bones and mechanical property response, a
simplified dummy head model is proposed in this section. In
Figure 7(b), the detailed FE model of the proposed simplified
head model is given and the dummy head FE model of
Hybrid III 50th is shown in Figure 7(a). All models in this
paper are meshed by software HyperMesh and then solved
in LS-DYNA and meshed with shell and body elements.

For the dummy head calibration test, there is a legal and
authoritative standard to examine the validity of the dummy
structure. The synthetic head acceleration generated in auto-
mobile crashes is applied to evaluating the mechanical prop-
erties of the head structure. Considering the frontal and
lateral impact condition, the peak accelerations of the
dummy head generated in frontal and lateral collision are
denoted as af rb and amdb, respectively. The accuracy of the
dummy head model is comprehensively considered by using

the method of frontal and lateral head regulation, and thus
the peak af rb and amdb are used as the main indexes of the
mechanical characteristics of the dummy head. In simulating
the collision process of the head structure, the models drop
from a certain height and hit a rigid plate, as shown in
Figure 8. The simulation processes of the dummy head in
frontal and lateral collisions are presented in Figures 8(a)
and 8(b), respectively.

7.2. Validity of the Dummy Head Model. Acceleration curves
of the simplified dummy head models under frontal (FRB)
and lateral (MDB) impacts are obtained, and calibration test
is referred for comparison analysis. Thus, two acceleration-
time curves compared with the test curves of the dummy
head model under different collision stations are depicted
in Figure 9. In Figure 9, the green curves are obtained in

(Initialization)
Step 1 Choose x0 ∈U and a set of weighting factors λ1, λ2 ,give stopping criteria ε and η, coefficients α 、 ρ 、 σ.
Step 2 Establish each logarithmic penalty function of objectives, i.e., p1 x , p2 x .

(Main loop)
Step 3 Calculate ∇p1 xk , ∇p2 xk , if ∑2

j=1λj∇pj xk < ε, stop and output xk,then go to Step 8. Else, go to Step 4.
Step 4 Calculate the iterative direction dk,

If ak < 0 and N < 1, then
dk = − 1/λ1 I −N +N2 −N3 ∇2p1 xk −1 ∑2

j=1λj∇pj xk ;
If ak < 0 and N ≥ 1, adjust weighting factors λ1 and λ2 to satisfy with N < 1.
Else, dk = −∑2

j=1λj∇pj xk .
Step 5 Calculate iteration step size α.

If ci xk > 0, for all i = 1, 2,… ,m, take α = α, and go to Step 7. Else, go to Step 6.
Step 6 Take α = ρα,go to Step 5.

(Update)
Step 7 Calculate xk+1 = xk + αdk, define k = k + 1, and go to Step 3.
Step 8 Calculate q xk , and if q xk ≤ η, stop and the xk is the Pareto optimal solution, output xk. Else, σ = 2σ, go to Step 1.

Algorithm 2

Start

Give q sets of weighting factors �휆t = (�휆1,�휆2), t = 1,2,⋯,q 

t = 1

t ≤ q No

Yes

Choose weighting factor �휆t

Use algrorithm 2 to calculate
pareto optimal solution xt

Calculate the objective functions
F (xt) = f1(xt),f2 (xt)

Output all pareto optimal solutions and the
corresponding objective function values

Output the coordinates of pareto
front and all optimal values

Finish

t = t + 1

Figure 2: The process of NNSEFA for solving inequality constraints biobjective optimization.

8 Applied Bionics and Biomechanics



simulated dummy test, and the blue curves in physical
dummy test. Moreover, Figure 9(a) is in frontal impact and
Figure 9(b) in lateral collision.

According to Figure 9, the acceleration-time curves of
the simplified dummy head model proposed in this paper

is consistent with the experimental results, and also, the two
peak acceleration values af rb and amdb meet the calibration
requirement. The quantitative analysis of the two peak accel-
erations compared with the test results are carried out in
Table 2, and the errors in peak acceleration between the sim-
plified model and physical dummy head are also considered
in this paper.

From Table 2, we can conclude that the two peak acceler-
ation values are all within calibration range, which means
that the simplified dummy head model developed in this
paper is effective and can be used in the simulation research
of the head injuries. However, the figures in Table 2 also pres-
ent a fact that the error of the peak acceleration of simplified
head model is greater; thus, the accuracy of the head model

Table 1: The average calculating time and iteration information of
NNSEA for solving test 1.

Weighting
factor

Average
time

Average number of
iterations

Convergence

Random
distribution

185.32 s 13.48 Yes

Uniform
distribution

144.24 s 12.33 Yes
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Figure 6: The Pareto optimal front of test 2.
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Figure 3: The Pareto optimal front of test 1 (random distribution).
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cannot be guaranteed in some cases. Therefore, an optimiza-
tion design of the dummy head structure will be carried out
in the following section to improve the accuracy of the sim-
plified head model.

7.3. Establishment of Mathematical Model for Optimization
Design of the Dummy Head. According to Wood et al. [24],
the mechanical responses of dummy head in automobile col-
lision are typically dependent on the viscoelastic properties of
the head polymer skin. In order to improve the accuracy of
the simplified dummy head proposed in this paper, three
material parameters—relaxation modulus (GI), shear modu-
lus (MU1), and decay constant (BETA)—are selected as
design variables based on the material sensitivity and the
research on physical properties. Considering the frontal and

lateral collision, thus the optimization design of the dummy
head is a biobjective optimization problem. Thus, a biobjec-
tive optimization problems for optimization design of the
dummy head structure is established as follows:

min   F1 = af r0 − afrb x , F2 = am0 − amdb x ,

s t  li ≤ xi ≤ ui, i = 1, 2, 3,
43

where F1 and F2 are two objectives; af r0 = 250.14 g, and am0 =
137.1 g are the experiment values of the peak acceleration of
the dummy head, while af rb x and amdb x are acceleration
peak values of the simplified model under frontal and lateral
impact conditions. And xi, i = 1, 2, 3 are design variables that

(a) (b)

Figure 7: Detailed FE models of Hybrid III 50th and the simplified head structure.
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Figure 8: Two forms of frontal and lateral impacts.
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consist of GI, MU1, and BETA; according to the calibration
test design requirements, in this paper, x1 ∈ 0 0005, 0 005 ,
x2 ∈ 7e − 4, 1e − 3 , x3 ∈ 0 3, 1 2 .

7.4. Establishment of Surrogate Model of Dummy Head. To
reduce the complexity of the optimization problem in practi-
cal engineering, surrogate modeling has been broadly applied
to many fields for its simple theory and excellent function. In
this simulation, the response surface methodology (RSM) is
selected for its better performance in many multiobjective
optimization problems [25–27]. Firstly, 16 groups data (3
factors 4 levels) are obtained by the orthogonal experimental
design (DOE) method, and the corresponding acceleration
results performed in LS-DYNA are shown in Table 3.

According to the data in Table 3, the quadratic polyno-
mial response surface models of the objective functions F1
and F2 are constructed as equation (44) and (45).

F1 = 49 30481 − 16344 7x1 − 2419 06x2 − 38 0611x3
− 101547x21 − 3 9E + 07x22 + 4 4533029x23
+ 15829917x1x2 + 3693 5245x1x3 + 48179 205x2x3,

44

F2 = 26 32685 − 1454 22x1 − 43582 2x2 + 15 05433x3
+ 109443 5x21 + 32371025x22 − 0 72198x23
− 2137901x1x2 + 1413 658x1x3 − 16641x2x3

45

Then, after surrogate models are obtained, the determi-
nation coefficient of variance analysis is employed to verify
the fitting precision of response surface models. In general,
if the determination coefficient is closer to 1, the surrogate
model function with respect to response variables is more
precise. In the paper, the determination coefficients R2

frb
and R2

mdb [27] are 93.153% and 98.8691%, respectively.
Therefore, the surrogate models in this paper can simulate
response variables accurately.

7.5. Optimization Design of the Dummy Head Structure. The
effective optimization strategy proposed in this paper is
applied to the biobjective optimization design of the dummy
head structure. Following the optimal process of the strategy
NNSEFA, the Pareto optimal solutions of the biobjective
problem (43) are obtained quickly and after comparative
analysis, an optimal scheme with design variables x1 =

Table 2: Comparison of two peak accelerations between simplified
head model and physical dummy head.

Model
Design variables Acceleration

x1 (Gpa) x2 (Gpa) x3 af rb/g amdb/g
Original design 0.0015 7.5e-4 0.3 230.5 127.8

Calibration
requirement

— — — 225–275 100–150

Test result — — — 250.14 137.1

Error — — — −7.85% −6.78%

Table 3: 16 groups obtained by DOE and its corresponding
response.

Number x1 GI x2 MU1 x3 BETA afr0 − afrb am0 − amdb

1 0.0005 7e-4 0.3 25.64 11.2

2 0.0005 7.5e-4 0.6 24.54 11.8

3 0.0005 8e-4 0.9 25.24 12.1

4 0.0005 1e-3 1.2 26.64 11.1

5 0.0015 7e-4 0.6 23.24 10.9

6 0.0015 7.5e-4 0.3 19.64 9.3

7 0.0015 8e-4 1.2 30.24 11.8

8 0.0015 1e-3 0.9 27.84 10.0

9 0.0035 7e-4 0.9 19.44 9.4

10 0.0035 7.5e-4 1.2 29.24 9.9

11 0.0035 8e-4 0.3 11.84 4.0

12 0.0035 1e-3 0.6 16.94 5.7

13 0.005 7e-4 1.2 22.84 11.6

14 0.005 7.5e-4 0.9 17.44 7.0

15 0.005 8e-4 0.6 16.14 4.6

16 0.005 1e-3 0.3 12.34 1.4
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Figure 9: The acceleration-time curves of the dummy head model under frontal and lateral collisions.
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0.0056 Gpa, x2 = 6e-4 Gpa, and x3 = 0.3 is selected for opti-
mization design of the simplified dummy head model. The
two accelerations were considered to evaluate the perfor-
mance of the optimal design. Figures 10 and 11 show the
acceleration-time curves of the optimal dummy head model
compared with the physical dummy head structure under
frontal and lateral collision, respectively. Moreover, the green
curves in Figures 10 and 11 are obtained through the simu-
lated dummy head experiment and the blue curves through
physical dummy test.

According to the acceleration-time curves presented in
Figures 10 and, the optimal design of the dummy head struc-
ture satisfy the calibration requirement, and its peak value of
the two accelerations is close to the acceleration value
obtained in the experiment of the physical dummy head. In
addition, the acceleration-time curves of the optimal design
are consistent with the experimental results. To analyze the
properties of the optimal dummy head model, the design
scheme and its two corresponding responses are shown in
Table 4.

From Table 4, the degree of the optimizations for the
simplified dummy head model is obvious and appreciable.
Firstly, the peak values of acceleration for the frontal and lat-
eral drop of the dummy head model is in accordance with the

calibration test completely. The peak synthesis acceleration
of frontal head drop is 236.7 g, the error of the simulated
model being −5.37%, reduced by 2.48% compared with the
original model before optimization, and the synthetic accel-
eration peak in lateral drop is 136.0 g, the deviation from
the peak of the test curve being −0.80%, reduced by 5.98%
after optimization. It can be seen that the optimal model of
the dummy head is not only effective but also accurate in cal-
culation. In addition, the dummy head model has been sim-
plified for high computation efficiency, and the biobjective
optimization performed in the optimal design has made the
model more accurate. In summary, the optimization scheme
for dummy head structure is of high accuracy and can be
applied to the study on the occupant safety protection.

8. Conclusion

Two algorithms—NNSEA and NNSEFA—are presented in
this paper. In NNSEA, the Neumann series expansion is
introduced in Newton’s weighted sum method so it can sim-
plify the calculation on matrix inversion. And based on
NNSEA, Frisch penalty function is employed to handle the
constraints. So NNSEFA can achieve biobjective optimiza-
tion with constraints. When the objective functions are
strong convex, the proposed NNSEA and NNSEFA are two
efficient approaches for biobjective optimization problems
according to the test function analysis.

In the engineering application of dummy, NNSEFA pro-
vides valuable reference to designers. As computer simula-
tion shows, the general calibration curve, the peak and the
peak time for the optimized model of dummy head, and
physical dummy are very consistent. Compared with the
original design, this optimization model can simulate the
injury of human head in the collision process more accu-
rately. It provides the design idea for occupant safety design.
Obviously, the optimization is feasible.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.

Table 4: Detailed design variables and its corresponding responses
compared with the original design and the result obtained by test.

Model
Design variables Acceleration

x1 x2 x3
(Gpa) (Gpa)

af rb/g amdb/g

Original model 0.0015 7.5e-4 0.3 230.5 127.8

Optimal design 0.0054 6e-4 0.3 236.7 136.0

Calibration
requirement

— — — 225–275
100–150 reference

goes here

Test result — — — 250.14 137.1

Error — — — −5.37% −0.80%
Optimal
percentage

— — — 2.48% 5.98%
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Figure 11: Acceleration-time curves of the dummy head under
lateral collision.
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The crash test dummy, an important tool for car crash safety tests, is of great significance to explore the injury biomechanics of the
occupants and improve the safety performance of the vehicle. The article mainly consists of four parts: brief introduction of injury
mechanism, early experiments for obtaining biomechanical response (animal tests, cadaver tests, and volunteer tests), and
development and validation of mechanical dummies and computational models. This study finds that the current crash test
dummies are generally designed based on European and American, so they have limitations on the damage prediction of other
regions. Further research in the crash test dummy needs the participation of various countries in order to develop a crash test
dummy that meets the national conditions of each country. Simultaneously, it is necessary to develop dummies of vulnerable
groups, such as the elderly dummy and obese people dummy.

1. Introduction

Automobiles provide great convenience and quickness for
people’s life and make a great contribution to the economy
and social development. However, with the rapid develop-
ment of the automotive industry, road accidents have also
suddenly increased, resulting in a large number of casualties
and economic losses. According to the World Road Safety
Global Status Report on Road Safety 2015 issued by the
World Health Organization, it can be seen that the number
of people who died from traffic accidents is roughly around
1.25 million every year, which means that one person is killed
in traffic accidents every 25 seconds on a global scale. Traffic
accidents are the main cause of death in the 15- to 29-year-
old population [1]. China, the most populous country in
the world, had a total of 187,781 road traffic accidents in
2015 [2]. The total direct property losses caused by the
accident were 103,692 million yuan, of which the total num-
ber of injured people w s 199,880, and the death toll was
58,022. These shocking figures all indicate that improving
the safety protection for occupants and reducing the

casualties caused by traffic accidents have become an impor-
tant issue to be solved urgently.

In fact, as early as the 1950s, in order to investigate the
human injuries caused by collisions and correctly assess the
actual injuries suffered by occupants in car collisions,
researchers began to study the injury biomechanics of occu-
pants in car collisions. Researchers used human corpses as
surrogates to collect data on human injuries caused by acci-
dents in crash experiments and subsequently adopted ani-
mals and volunteers as crash surrogates. Although these
experiments provided valuable data for collision safety, they
were gradually abandoned due to restrictions such as ethical
and moral constraints, physiological function differences,
experimental risks, and experimental irreproducibility. With
the development of science and technology, crash detection
device—mechanical crash test dummy, known as anthropo-
metric test device (ATD), came into being. When dummy
is subjected to physical quantities such as force, acceleration,
and speed during a car crash, the mechanical response curve
should be highly fitted to the data obtained from human
cadaver experiments. Using the crash test dummy to perform
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repeated crash tests, the injury location can be effectively
predicted, and the injury indicators of the occupants can
be estimated.

This paper reviews the development of dummies and is
introduced from four aspects. The first is theoretical founda-
tion of crash test dummy, named biomechanical injury
mechanism. In order to study the injury mechanism,
researchers conducted cadaver experiment, animal experi-
ment, and volunteer test in early time, so the second aspect
is about biomechanical test. The third and fourth aspects
introduce the development and verification process of the
mechanical dummies and computational models used in
crash test.

2. Injury Criteria

The main purpose of crash test dummy used as a substitute
for human in car collisions is to determine the injury sever-
ity to human body caused by the accident. Thus, under-
standing how the mechanical properties of dummy meet
injury mechanism of human and correspond to the harm
standard is absolutely essential. The current study believes
that the blunt impact injury mechanism is the degree of
deformation or strain of the tissue exceeding its recoverable
limit [3]. In the car crash, the main load type of human
exposure to injury is blunt impact. The main sites of injury
are the head, neck, chest, abdomen, pelvis, and other parts
of the extremities. In order to describe the human injury
condition intuitively, according to the type of injury of
the human body when it is damaged by impact, the corre-
sponding injury index is formulated.

The Abbreviated Injury Scale (AIS) (shown in Table 1),
proposed by the Association for the Advancement of Auto-
motive Medicine (AAAM), standardized the injury types
and ranked injury levels by severity. It is the most widely used
measurement for crash injury currently. However, the
dummy can only output parametric impact result rather than
the visualized injury characterization. Therefore, it is impor-
tant to seek the relationship between assessment of human
injury by severity and loads on the dummy. Researchers
fitted the risk assessment equation of the corresponding
injury site through a large number of accident statistics and
converted the experimental data into the corresponding
injury types and severity in reality (shown in Table 2).

In car collisions, most of the deadly head injuries come
from the impact fracture of the skull and the brain tissue
injury. National Highway Traffic Safety Administration
(NHTSA) raises the HIC value based on the acceleration to
measure the max limit of injury to the human head in
the collision of the car. The widely used HIC value is cal-
culated by (1). The formula is as follows:

HIC = t2 − t1
1

t2 − t1

t2

t1

adt

2 5

, 1

where t1 and t2 (s) are two time points in the crash accel-
eration curve. a is measured as a multiple of the gravita-
tional acceleration (g), and the equation uses a three-way

synthetic acceleration. It also stipulates that the time dif-
ference between t1 and t2 cannot exceed 36ms; HIC value
cannot exceed 1000 (tolerance limit). Hertz [4] fitted the
relationship between HIC and the probability of skull frac-
ture (AIS≥ 2) by experimental data and found that for
50th male, the probability of skull fracture was about
48% when HIC is 1000.

Neck injury has become the most frequent injury in car
crash accident and also one of the most important causes of
occupant’s disability. NHTSA [5] proposes the guideline
Nij to evaluate the neck injury in frontal impact car crash.
Nij was defined by neck axial force Fz and force moment
My. The formula is shown as follows:

Nij =
Fz

Fint
+

My

Mint
2

The Nij value can be used to estimate the neck injury on
AIS1 level. Bohmann et al. [6] studied the neck injury on
AIS1 and claimed that the tolerance limit should decrease to
0.2 and 0.16 for long term and short termdamage, respectively.

When the chest suddenly is decelerated due to blunt
instrument impact, the injury mechanisms include three
main types: compression, viscous loads, and inertial loads
of internal organs. Injury results can be categorized as skele-
tal injury and soft tissue injury. In general, the main forms of
injury are rib fractures and lung injuries, as well as a smaller
chance of heart bruises and ruptures and rupture and break-
age of the aorta. The chest composite index represents a chest
injury criterion in frontal impact. The response under com-
pression coupled with acceleration is considered. At the same
time, the load of the airbag to the occupant and the restraint
effect of the seatbelt to the occupant are described. The defi-
nition of CTI is evaluated by a combination of the 3ms resul-
tant acceleration of the spine and the amount of deformation
of the chest. The CTI value is calculated as follows:

CTI = Amax
Aint

+
Dmax
Dint

, 3

where Amax is the single peak value (g) of 3ms for the resul-
tant acceleration of the spine; Aint is the 3ms intercept refer-
ence (g); Dmax is the maximal chest deformation (mm); and
Dint is the intercept reference value (mm) of the deformation.

The abdomen peak force (APF) was elaborated by Euro-
pean ECE R95 guideline and rules that the external force of
abdomen should not exceed 4.5 kN.

Table 1: Abbreviated injury score.

AIS code Injury severity AIS% prob. of death

1 Minor 0

2 Moderate 1–2

3 Serious 8–10

4 Severe 5–50

5 Critical 5–50

≥6 Unsurvivable 100
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The injury mechanism of femoral fractures caused by col-
lisions with dashboards, which often occurs in frontal crashes
in cars, is mostly caused by axial compression (62%),
followed by bending (24%), twisting (5%), and shear (5%).
Because the femur is not completely straight, the shape of
the femur will affect the fracture in the case of indirect load-
ing. Similar to fractures of the femur, tibial fractures can also
be caused by retrograde direct or indirect loads. Pubic sym-
physis peak force (PSPF) in ECE R95 rules that the collision
force at the pubic symphysis should be less than 6 kN. The
criteria for tibial fractures, also known as the tibial index,
are used to evaluate the tibia injuries. It is calculated by the
hinge restraint of the fixed hinge on the load sensor at the
upper and lower positions of the sacrum, as defined by each
force and moment value.

TI = MR

MRMAX
+

FZ

FZMAX
, 4

where FZ refers to the axial pressure of the lower leg (kN);
FZMAX refers to axial pressure threshold; MR = M2

X +M2
Y ;

MX and MY refer to bending moment of X and Y ; and
MRMAX represents the synthetic bending moment threshold.

3. Biomechanical Tests in Early Time

To improve the car’s ability to protect the occupant and
reduce human injury during car collision, it is necessary to
have a preliminary understanding of the occupant’s biome-
chanical response during the collision. In the early stages,
there are three kinds of biomechanical tests to explore biome-
chanical responses: volunteer tests, animal tests, and human
cadaver tests.

In the field of volunteer test, US Air Force Colonel
John P. Stapp is a well-known pioneer. He personally went
through a series of tests and even sat on a rocket skate-
board with a speed of up to 1000 km/h. His volunteer tests
obtained valuable data which were later widely used in the
injury biomechanics, such as human body acceleration toler-
ance data [7]. However, crash tests have certain risks, and
volunteer tests are inevitably performed at low-speed and
light-load conditions, such as head injury study at low rota-
tional speeds [8] and spine deformation study at low-speed
rear impacts [9]. For biomechanical studies under high-
speed and heavy-load conditions, volunteer tests are obvi-
ously not suitable.

In order to study the physiological responses under heavy
load conditions, some scholars conducted experiments on
living animals. In 1980, Ono et al. [10] conducted a head
impact experiment on live monkeys and found that impact
acceleration, impact contact area, and other factors will affect

the head injury. When the brain of a monkey suffered a frac-
ture, the tolerance value was at a dangerous threshold. Com-
bining the obtained data with the results of the human
cadaver skull impact test, a human head impact tolerance
threshold can be deduced. In 1981, twelve anesthetized male
pigs were used by Kroell et al. [11] to study the chest injury
mechanism, injuries such as cardiovascular ruptures, pulmo-
nary contusions, and skeletal fractures. The results empha-
sized the importance of loading speed for determining the
overall severity of chest blunt impact. Although animal tests
can provide a biological reflection basis, the animal body
mass distribution and morphological characteristics are dif-
ferent from the human body. Therefore, the results of animal
experiments have limited promotional value.

In general, fresh human cadaver is a better substitute for
biomechanical studies of impact injury, and there are corre-
sponding cadaveric tests to investigate the response of parts
of the body (head, chest, etc.). Hodgson and Patrick [12]
found that when the head of a cadaver received a sinusoidal
vibration input, the mode frequency of the skull corresponds
to spring-mass system. In response to this discovery, they
proposed a method to compare the cadaver head response
to spring-mass system. Kroell et al. [13, 14] conducted a
series of tests to study the responses of cadaver’s chest. 23
cadaver samples of different ages, heights, and weights were
chosen to be used in tests. Impactor mass and velocity were
in various combinations to apply to tests. These tests
obtained valuable chest response data.

In the abovementioned volunteer tests, animal tests, and
cadaver tests, there are significant drawbacks such as exper-
imental risks, physical differences, and violating ethics.
Therefore, developing a new human substitute to apply to
the research on vehicle impact injury biomechanics is
important. The substitute model is supposed to have the
same structure, size, mass distribution, and impact motion
characteristics compared to human body. The crash test
dummy is such a substitute for human body in crash tests.
It is made of various materials such as steel, aluminum, rub-
ber, and polymers and is equipped with multiple acceleration
sensors, force sensors, torque sensors, and displacement sen-
sors to record responses.

4. Mechanical Dummies

4.1. Development. In 1949, the first dummy was used in the
air force; after years of development, the dummies have been
widely used as substitutes for human body in car crash tests.
According to the type used for collision, the dummies can be
categorized as frontal impact dummy, side impact dummy,
and rear impact dummy. Table 3 lists crash test dummy types
and their application conditions. In order to better

Table 2: Common injury indicators for different parts of the human body.

Head Neck Chest Abdomen Pelvis and lower extremities

Acceleration (g)
HIC value

Force (N)
Force moment (N∗m)

Nij value

Deformation (mm)
Acceleration (g)

CTI value
Force (N) Force (N)
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understand the development of mechanical dummies, the
following describes in detail the development process of each
series of dummy.

4.1.1. Frontal Impact Dummy. In 1971, ARL and Sierra col-
laborated to develop the Hybrid I dummy. This dummy
can be used to measure head and chest triaxial acceleration
and femur load. In 1972, with the support of the U.S. auto-
motive giants, FTSS (First Technology Safety Systems) devel-
oped the Hybrid II dummy [15]. Many parts had been
redesigned to achieve better results: the head/neck interface
was more anatomical, the improved neck mount model facil-
itated the reproducibility of head kinematics, the self-
centering shoulders and improved shoulder load distribution
yielded more repeatable responses, and lower torso with
butyl rubber lumbar spine improved overall repeatability.
In general, its major improvements over Hybrid I dummy
designs were good durability and acceptable repeatability.
In 1973, ATD 502 dummy was developed. By improving
the material and positioning structure, this dummy achieved
a more human-like seating posture and a better repeatability.
Although ATD 502 dummy had made a great progress, the
biomechanical responses of various parts were still lacking.
In 1976, General Motors (GM) made significant improve-
ments in the neck, chest, and knees of Hybrid II and ATD
502 to develop Hybrid III dummy, whose biofidelity and
injury prediction measurement capacity had been improved.
Nowadays, the Hybrid III dummy has been widely used in

the field of car crash tests, including the 50th adult male
dummy, the 95th adult male dummy, and the 5th adult
female dummy. The Hybrid III 50th adult male dummy is
currently the most widely used dummy in various countries.
The Federal Motor Vehicle Safety Standard (FMVSS 208)
clearly stipulates that the Hybrid III 50th dummy is desig-
nated as frontal impact dummy in car crash tests.

The THOR dummy program had been supported by
National Highway Traffic Safety Administration (NHTSA)
of the United States since last century. Currently, the
improved THOR-M dummy has been qualified to enter the
market and the Euro NCAP is considering using the
THOR-M dummy for future frontal impact tests. Compared
with the Hybrid III dummy, the THOR-M dummy has better
damage prediction ability and has more human-like charac-
teristics. For example, the THOR-M dummy has sensors
mounted on the face to measure facial injuries in frontal
crashes, while the Hybrid III dummy cannot predict such
risks. Two wire spring dampers are added to the neck to sim-
ulate the head rotation lag. The flexibility of the neck is closer
to human characteristics. In summary, the THOR-M dummy
provides more body injury measurement data than the
Hybrid III dummy and it will be widely used in the frontal
impact test in the future.

4.1.2. Side Impact Dummy. In the late 1970s, the University of
Michigan and the NHTSA jointly developed the world’s first
side impact dummy SID which was developed according to

Table 3: Dummies and their application areas.

Model name Hybrid III THOR-M SID SID-IIs

Figure

Application Frontal impact Frontal impact Side impact Side impact

Model name BioSID EuroSID-II WorldSID BioRID

Figure

Application Side impact Side impact Side impact Rear impact
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50th American male [16, 17]. Its head and neck retained the
structure in Hybrid II, and foam parts are used instead of the
omitted arms in the torso. The chest of the SID cannot sim-
ulate the chest response of human for its material had no
elasticity in the horizontal direction.

As SID dummy developing, Europe also launched the
development work of the side impact dummy. During
1978~1982, three dummies produced by APR, ONSER, and
MIRA were released, respectively [18]. Although these
dummies cannot obtain the desired lateral impact response,
they provided prototypes for the new side impact dummy
EuroSID. The EuroSID-I was developed according to the
European male size in the mid-1980s.

The SID and EuroSID were evaluated by the Interna-
tional Standards Organization (ISO) to be found without suf-
ficient biofidelity [19]. In response to this conclusion, a
biofidelic side impact dummy named BioSID was developed
by General Motors and Society of Automotive Engineers
(SAE) [20]. The head, neck, shoulders, chest, abdomen, and
pelvis of the BioSID have good biofidelity in side collisions.
SID-IIs was developed in 1995, representing a 5th small
female. In 2000, EuroSID-II (ES-2) was developed and
upgraded based on EuroSID-I; a lot of changes were made
in the original structure, for example, a load sensor was
added to the head-neck contact surface, reducing the coeffi-
cient of friction between the clavicle and the mounting plate,
added a new backplane with load cell, and so on.

In 1997, the ISO initiated the development of a more bio-
fidelic side impact dummy: theWorldSID dummy.WorldSID
dummywas based on themedium size ofmenworldwide. The
reproducibility, the durability, and the sensitivity have been
greatly improved compared to other dummies.

4.1.3. Rear Impact Dummy. In the 1990s, a consortium con-
sisted of Chalmers University, Volvo Car Corporation, and
Saab Automobile AB was formed to develop the new dummy
BioRID which was used in rear impact [21]. The BioRID
dummy was designed to represent a 50th male in Europe,
and its vertebral column curve fitted well with that of human.
The vertebral column consisted of 24 separate vertebrae; the
vertebral column will perform realistic movements when
faced with impact load. Compared with Hybrid III dummy,
BioRID dummy is more closely related to human character-
istics on the neck and vertebrae [16]. Therefore, it is more
realistic to simulate the human response after a rear-end col-
lision in a rear collision accident.

It can be seen from the development of the dummies that
all kinds of dummies have undergone continuous improve-
ment, so that the response of each part of the dummy can
be more and more close to the human body response. How-
ever, most of these dummies are designed based on the male
size in Europe and America. But the size of the human body
varies greatly from country to country. For example, the
height and weight of 50th male in China were 167.8 cm and
59 kg (GB 10,000–1988), these values differ from those of
Hybrid III (175.5 cm and 65.5 kg). Furthermore, the center
position, moment of inertia, and radius of rotation of various
parts of the human body are closely related to the height and
weight of the human body. In this respect, the dummy may

have limited ability to predict the injury of people who are
not European and American.

4.2. Validation. As the key equipment for vehicle collision
safety inspection, the crash test dummy must not only be
similar to the human structure in terms of external dimen-
sions and mass distribution, but at the same time, the
mechanical response of the major parts of the dummy
should also be highly similar to the biological response
of the same part of the human body. The higher the sim-
ilarity is, the easier it is to get a more accurate injury
assessment. Therefore, it is very important for the artificial
simulation of dummy. In different collision conditions
such as frontal impact, side impact, and rear impact, the
major parts of the injured parts are not exactly the same,
the forms of injury are different, and the method of veri-
fying the biofidelity of the dummy is also different.
According to the type of collision, the following introduces
the validation of different dummies.

4.2.1. Frontal Impact Dummy. In the frontal impact, the most
vulnerable parts of the body are the head, neck, chest, and
knee. The Hybrid III is the most widely used frontal impact
dummy around the world, and it has been done in various
parts of rigorous tests to validate the biofidelity of dummy;
Foster [15] detailed the validation process of the head, neck,
chest, and knee. For head validation, the head was dropped
from a position of 376 meters high to a flat rigid steel plate,
three acceleration measurements were taken at the head cen-
ter of gravity, and the acceleration directions were orthogonal
to each other. The resultant of three accelerations was the
final head response. For neck validation, biomechanical neck
responses can be divided into response to flexion and exten-
sion tests. The whole dummy was restrained to conduct the
sled tests, and the angle responses were obtained from
high-speed motion pictures, while torque responses were
measured by the dummy’s neck load transducer. For chest
validation, each dummy “sitted” on a flat surface with the
upper and lower limbs and ribs parallel to the seating surface,
a ballistic pendulum impactor weighing 4.3 kg struck at the
center of the sternum with impact velocities 4.3 and 6.7m/
s. By multiplying the impactor mass and the deceleration,
the chest impact force could be obtained. A potentiometer
was used to measure the sternum relative to the thoracic
spine, which was called chest deflection. For knee validation,
each upper leg needed to be installed horizontally and there
was an angle of 1.15 radians between the upper leg and lower
leg; three pendulum impactors weighing 0.5 kg, 1.0 kg, and
1.5 kg were used to impact the knee along the axis of the
femur, respectively, and the deceleration during the impact
could be measured by axis accelerometer mounted on the
impactor. Knee impact force was obtained from the product
of pendulum mass and deceleration. The responses of the
four parts of the validation were compared with the cadaver
data obtained by Hubbard and Mcleod [22], Mertz et al.
[23], Neathery [24], and Horsch and Patrick [25], and the
responses of the Hybrid III dummy were all distributed in
the range of the cadaver data.
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4.2.2. Side Impact Dummy. When the car is subjected to a
side collision, the most vulnerable parts of the human body
are the head, neck, shoulders, chest, abdomen, and pelvis,
and each part needs to be validated. ISO had made a rating
scale to evaluate the biofidelity of dummy as shown in
Table 4. Scherer et al. [26] conducted tests according to ISO
to judge the side dummies. For the head, neck, and chest val-
idation, the test processes were similar to those of the frontal
impact dummy, except that the experimental parameters
were different, such as the head dropped from 200 meters
instead of 376 meters, the sled used for neck validation chan-
ged to 6.9 and 5.8m/s, and the impact direction of pendulum
impactors changed. For the shoulders and pelvis, these parts
are mainly affected by the blunt impact of the door; when the
validation tests were conducted, rigid pendulum impactors
were used to impact at certain velocities.

As can be seen from Table 5, all the side impact dummies
have the acceptable biofidelity. The WorldSID performed
well in many parts of biofidelity comparison, and the World-
SID is the only side impact dummy which can get “good”
level from the overall performance. Most of the previous side
impact tests used ES-II dummies. Now, WorldSID has
become the side impact test dummy in U-NCAP, C-NCAP,
and other regulations with its good biofidelity.

4.2.3. Rear Impact Dummy. The validation of the BioRID was
conducted by comparing the responses with the PMHS data
and volunteer data. Davidsson and Linder had contributed a
lot to the validation in the early time; they carried out the val-
idation tests at different impact velocities by different impact
types. For example, Linder et al. [27] conducted sled tests to
evaluate the BioRID. The sled used in the tests was generated
by compressed air, and the acceleration pulse of sled was con-
trollable. When compared with PMHS data, the dummy was
exposed to a change of velocity (Δv) of 10 and 15 km/h, while
compared with volunteer data, the dummy was subjected to a
maximum acceleration of 3 5g at Δv of 10 km/h. In horizon-
tal accelerations and displacements of the head and the chest,
the neck forces were chosen as the comparison indicators.
The responses of BioRID correlated well with the volunteer
and PMHS data, which indicated that the BioRID can be used
as a sensitive tool for rear impact.

The neck is most vulnerable to injury when the rear-end
impact occurs; some researchers focused on this part. Ono
and Kaneoka [28], Davidsson et al. [29], and Geigl et al.
[30] used volunteer tests to obtain data on human neck inju-
ries in rear-end impacts. Foret-Bruno et al. [31] analyzed the
injury status and the form of motion of the head and neck
and the corresponding parts of the back of the Hybrid III
dummy in the postimpact mode. The conclusion is that the
stiffness of the neck of the Hybrid III dummy is quite differ-
ent from that of the human body.

From these experimental results, the existing dummy
model currently used anthropomorphic crash test dummies
that can reflect the human response to a certain extent, but
they are limited in their biofidelity and in their application
type. Further improvement research on existing physical
dummy is necessary.

5. Computational Models

Nowadays, commercial mechanical dummies are expensive
and consume huge during crash tests. Only large corpora-
tions and research institutes have the financial resources to
purchase physical dummies for research on car crash safety.
With the continuous advancement of computer technology
and digitization methods, visual model in computer is also
widely used in automotive crash simulation. Currently, the
models used for car crash studies mainly include multirigid
models and finite element models. Multirigid body models
are based on multibody dynamics theory. Engineers use sim-
ple planes and ellipsoids to simulate various structures of the
human body and construct adult body model, using
ADAMS, MADYMO, and other software to analyze. The
finite element model uses the principle of finite element
method to build the model. The essence of the finite element
method is to discretize the entire study object. In contrast, the
finite element model is more detailed so that it can investigate
the local deformation and stress distribution. Therefore, the
application of the finite element model is more extensive.

5.1. Traditional FE Models. The study of finite element
dummy for car crash originated in the late 1970s. Some com-
panies have developed recognized FE dummy models, such

Table 4: ISO biofidelity classifications.

Level Excellent Good Fair Marginal Unacceptable

Score range >8.6 to 10.0 >6.5 to 8.6 >4.4 to 6.5 >2.6 to 4.4 0 to 2.6

Table 5: Side impact dummy biofidelity comparison.

Biofidelity rating
Head Neck Shoulder Chest Abdomen Pelvis Overall

WorldSID 10 5.3 10 8.2 9.3 5.1 8

BioSID 6.7 6.7 7.3 6.3 3.8 4 5.7

EuroSID-I 5 7.8 7.3 5.4 0.9 1.5 4.4

ES-II 5 4.4 5.3 5.2 2.6 5.3 4.6
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as ERAB, ETA, FTSS, ARUP, and FAT [32]. Based on the
mechanical dummies mentioned above, the FE model of
dummies can be developed by five steps [33]. Firstly, capture
the geometries of mechanical dummies by 3D scan. Secondly,
translate the obtained geometries to CAD data. Thirdly, rep-
resent the model with 3D elements that means generating the
FEM meshes. Fourthly, develop single components. Lastly,
validate the model; the validation process is consistent with
that of the mechanical dummy. Recent advancements in
computer hardware technology and software developments
have made it possible to develop detailed finite element
models, by increasing the model structural details, refining
mesh density, and improving material properties to improve
the calculation accuracy of FE model. Nowadays, the com-
mercial mechanical dummies all have a finite element
dummy corresponding to them; the most recognized FE
models are developed by FTSS.

Many scholars also have validated the finite element
dummies by comparing with physical tests or regulations.
In 2002, Noureddine et al. [34] illustrated the construction
and validation of the Hybrid III dummy FE model in detail.
The simulation results of chest model, head model, and neck
model were compared with the mechanical dummy tests
according to the Code of Federal Regulations. The time histo-
ries of the chest acceleration and head acceleration showed
reasonable agreement with the results of physical test. In
2007, Friedman et al. [35] performed a head drop test using
a Hybrid III finite element dummy to compare the upper
neck force with the test in published mechanical dummy test.
The results demonstrated that FE model shows good agree-
ment with the test response in a rollover crash environment.
In 2013, Tanaka et al. [36] studied the relationship between
external force to shoulder and chest injury using WorldSID
FE model. According to the seating posture and impact posi-
tion of the manual to perform the CAE, there was a good
agreement between CAE simulation results and physical test
results. In 2017, the FE model of 5th percentile THOR had
been compared with biofidelity corridors from head to toe
[37]. The peak thorax probe impact response can be consis-
tent with that of biofidelity corridors.

5.2. HumanModels. Since the 1990s, in order to study human
injuries in more detail, scholars have begun to explore the
biofidelic human models gradually. The human model is
developed based on the human body’s geometric dimensions
and anthropomorphic material properties. It can predict
human injuries such as skeletal fractures, internal organ inju-
ries, stress distribution of brain tissue, and skin contusion.
There are several available whole-body human models,
including H-model [16], Ford human body model [38],
WSUhumanmodel, HUMOS,THUMS, andGHBMCmodel.
The latter fourmodels are relativelywidely used. The develop-
ment of them is described, respectively, as follows.

In the past 20 years, Wayne State University (WSU) Bio-
engineering Center has been devoted to the development of
finite element models as shown in Figure 1. Since 1993, a
skull-brain FE model of the human which is called the WSU-
BIM model was developed. The initial version of the WSU-
BIM model was designed to simulate the basic anatomy of

the human head (including the scalp, cerebral spinal fluid,
dura, parasagittal bridging, venous sinuses, three-layered
skull, gray matter, white matter, cerebellum, falx, pia matter,
tentorium, brain stem, and ventricles) and facilitate further
study of head injury mechanisms [39]; the model was able
to predict the sensitivity of the brain to the effects of impact
from different directions and the location of diffuse axonal
injury (DAI) in the brain. In addition, a sliding interface
was added to the model to simulate the interaction between
the matter and cerebral spinal fluid [40]. With the sliding
interface introduced, the model was capable of predicting
the relative displacement time histories of the brain. The
response data could be matched with pressure and contact
force data by Nahum [41]. Based on the previous work, a
more detailed WSUBIM model was developed. The density
of the mesh had been further improved, and the number of
model elements rose from 41,354 to 314,500, when nodes
increased from 32,898 to 281,800 [42]. The new detailed
model has the ability to simulate at high rotational accelera-
tion conditions up to 12,000 rad/s2 and has been validated
against published cadaveric test data [41]. WSU also studied
the other advanced models involving the human chest [43],
neck [44], and abdomen [45], and their validation is con-
firmed by experiments conducted at the experimental center
of WSU. The WSU human models have served many
workers and institutions as a basis for their own development
and research (Ford, General Motors, Nissan, Toyota, ESI,
Mecalog, etc.).

At the beginning of the 21st century, Toyota Motor
Corporation developed a new type of total body finite ele-
ment dummy called THUMS [47]. According to the data
obtained by Schneider et al. [48], the THUMS was first scaled
to fit the 50th percentile of American male which consists
of a base model and several detailed models (head/face,
shoulder, and internal organs). The base model totally
includes 60,000 nodes, 1000 materials, and 83,500 elements;
solid elements were used to represent the spongy bone while
the cortical bone was modeled using shell elements; there was

Figure 1: WSU model [46].
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a ligament connection between the bones, and sliding inter-
faces were defined in the contact area; the whole model had
no mechanical joint [49]. Several simulations were per-
formed to compare with the data of cadaveric test to validate
impact responses of each body part [50, 51]. The model was
used in injury reconstruction and successfully reproduced
multiple injuries of an occupant, such as bone fractures and
ligament ruptures, but the internal organs in this model were
fused to form continuum bodied with homogeneous material
properties, which means that the internal organs are not
modeled individually. In order to extend the predictable
range of the model, the research team refines the brain and
internal organs structure for these issues [52]. The THUMS
Ver.2.0 model had individual internal organs which include
the bronchus, trachea, lung, heart, diaphragm, kidney, aorta,
vena cava, spleen, esophagus, lung, stomach, pancreas,
intestine, liver, and duodenum. These individual organs con-
stituted the respiratory system, circulatory system, and diges-
tive system. As for the brain model, a 2D head/brain model
was developed, and they concluded that modeling of sulci
of the cerebrum can affect the prediction of occurrence of
brain injury. Then in 2007, THUMS Ver.3.0 model with a
3D brain consisting of the skull, brain, and skin was devel-
oped; the white matter, grey matter, cerebral spinal fluid
(CSF), cerebellum, and cerebrum were included. The head/
brain model was validated against three series of test data,
in which translational and rotational accelerations were
applied to the center of gravity (CG) of the head [53]. Then
in 2012, the THUMS Ver.3.0 was mainly improved in the fol-
lowing aspects [54]: the model added some detailed parts,
such as internal organs and the long bone in the lower
extremities. In addition, the muscles had been added in the
whole body, even in the sophisticated parts such as shoulder,
chest, and lumbar spines. Moreover, the gap between the
skull and the brain was eliminated at the base of the skull
to more accurately represent the anatomy of the head and
brain. These features had been verified by comparing the
response with cadaveric and volunteer tests data from previ-
ous reference [55–57]. The updated THUMS with a vehicle
sled model was used to investigate that the muscle activation
levels and the activation timings had a nonnegligible effect on
the driver’s kinematics and injury outcomes. The updated
THUMS is a promising tool to be used in accident injury
reconstruction. In order to meet the need of real-world auto-
motive accidents prediction, factors including body sizes,
ages, and genders are considered by the research team.
Therefore, a small 5th percentile female THUMS model
[58] and a 6-year-old child THUMS [59] were developed suc-
cessively as shown in Figure 2.

Since 1999, HUMOS (shown in Figure 3) was launched
and funded by the European Commission in the Industrial
and Materials Technologies (IMT) program (Brite–EuRam
III), and the LAB (Laboratory of Accidentology and Biome-
chanics PSA Peugeot Citroën Renault) was involved in
shoulder and the thorax meshing process [60]. Aiming at
developing an exquisite human model that could be widely
accepted by the crashworthiness community, the geometry
acquisition is the basis of the task. By slicing a frozen
cadaver, 491 images including detailed information of a

50th percentile European male were obtained. After the pro-
cess of 3D geometrical reconstruction and meshing, the seg-
ment of the model had been validated by comparing the
results to reference [13, 61–63]. Then further investigation
on how muscular tensing influences the body response had
been conducted by volunteer experiment [63]. HUMOS
model had been validated having the ability to predict cervi-
cal trauma and other type trauma as well [64]. The human
body was modified to study the relationship between chest
deformation and the number of rib fractures. However, the
results show that the maximum peak strain of the ribs does
not correctly predict the number of rib fractures [65, 66].

Committed to creating the world’s most biofidelic com-
putational human body model, the Global Human Body
Models Consortium (GHBMC) developed a full-body CAD
model of 50th percentile male model, which was called
the GHBMC model (as shown in Figure 4). Gayzik et al.
[67, 68] described the human data acquisition and model
building process of a living 26-year-old male occupant
(174.9 cm, 78.6 kg, BMI: 25.7) in detail. Seventy-two scans
were performed using three medical imaging modalities

AF05
152cm,46kg

AM95
186cm,102kg

AF05
152cm

6-year-old child
116cm

Figure 2: THUMS models [53].

Figure 3: HUMOS model [66].
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(CT, MRI, and upright MRI); more than 300 individual
components like bones (without thin cortical bone struc-
tures), organs (head, thorax, abdomen, etc.), vessels (without
thin-wall vessels), muscles, cartilage, fibrocartilage, ligament,
and tendon (without tissues) were generated through seg-
mentation to represent the human anatomy. The model
was validated from the component level, including the abdo-
men [69], cervical spine [70, 71], foot and ankle [72], and
head [73]. And then whole-body validation had been con-
ducted, under far-side conditions, Katagiri et al. [74] verified
that the whole-body response of the GHBMC model had
kinematic behavior sensitivity compared to six PMHS tests
data [75], involving several parts such as the shoulder, head,
pelvis, and abdomen. Under lateral sled and lateral drop con-
ditions, Vavalle et al. [76] evaluated the whole-body response
of the GHBMC model in thorax, abdomen, and pelvis
regions and found that thorax and abdomen regions showed
a good biofidelity. Park et al. [77] compared impact forces
and kinematics data of GHBMC to that of PMHS obtained
by Shaw et al. [78] at an impact velocity of 4.3± 0.1m/s and
assessed the biofidelity of GHBMC through correlation anal-
ysis. From the results, it can be concluded that the shoulder of
the GHBMC model has a poor correlation with the PMHS,
which means that the shoulder area needs to be improved.
In order to improve the shoulder region, two modifications
about material property of shoulder-related muscles and adi-
pose tissue and three kinds of improvements on modeling
technology were introduced into the repositioned model by
Park et al. [79]; the sensitivity analysis showed that these
modifications significantly influence the response and the
shoulder region of modified model showed a better biofide-
lity. The research also indicated that the appropriate initial
posture of the model contributes to fewer errors of peak
shoulder deflection. Other researcher also realized the impor-
tance of initial posture on model biofidelity, and some
research on repositioning were conducted. Marathe et al.
[80] proposed a spline-based technique to locate the sagittal
plane of human model; based on this research, different cubic

splines are provided at the cervical, thoracic, and lumbar
spine of GHBMC model by Chhabra [81], and the shape
can be better controlled to predict the flexion, abduction,
and twisting of human body by moving the control points.
Chawla et al. [82] applied contour-based deformation tech-
nique to lower limbs (including ankle joint, knee joint, and
hip joint) of the GHBMC model. Nonintersecting contours
outline important skeleton; Delaunay triangulation method
was then used to divide a three-dimensional space into small
tetrahedrons, and the last step involves contour transforma-
tion based on the desired input, and it is expected that the
key points can be transformed using the same parameters.
This technology can greatly increase computational effi-
ciency and ensure the calculation accuracy at the same time.
The above studies are almost about the 50th percentile male
model; in fact, establishing 5th percentile female GHBMC
model was also listed as part of the project; the process of
medical imaging dataset acquisition and the CAD model
establishment was the same as that of the male model. The
initial version of 5th percentile female had been established
[83], but more validation work is needed in the future study.

It can be seen from the development of these human
models that models are developing in the direction of gradual
complication and anthropomorphization. However, with the
refinement of the model mesh and the increase of the cells,
the calculation time became longer and longer. Moreover,
almost all of the existing human models are designed based
on European and American men, which has limitation to
predict the car crash injury for people of different genders,
different countries, and different physical characteristics.

6. Conclusion

In this article, the development and verification process of
mechanical dummies, related finite element models, and
human models developed based on injury biomechanics are
introduced in detail. From the description above, it can be
seen that

(1) the existing commercial crash test dummies are based
on the human characteristics of Europe and the
United States. From the perspective of injury mecha-
nisms, they cannot represent the general human
characteristics of other countries. In order to better
protect the safety of occupants and improve the accu-
racy of injury prediction, each country should work
hard to develop a crash test dummy that meets the
human characteristics of its national conditions

(2) most of the existing dummies and models are based
on the male body. However, in the real collision, the
elderly, obese, and dwarf women are more vulnerable
to injury. In the subsequent model establishment, the
diversity of people’s type, size, and age can be taken
into consideration
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Background and Objective. Knee joint collision injuries occur frequently in military and civilian scenarios, but there are few studies
assessing longitudinal impacts on knee joints. In this study, the mechanical responses and damage characteristics of knee
longitudinal collisions were investigated by finite element analysis and human knee impact tests. Materials and methods. Based
on a biocollision test plateau, longitudinal impact experiments were performed on 4 human knee joints (2 in the left knee and 2
in the right knee) to measure the impact force and stress response of the bone. And then a finite element model of knee joint
was established from the Chinese Visible Human (CVH), with which longitudinal impacts to the knee joint were simulated, in
which the stress response was determined. The injury response of the knee joint-sustained longitudinal impacts was analyzed
from both the experimental model and finite element analysis. Results. The impact experiments and finite element simulation
found that low-speed impact mainly led to medial injuries and high-speed impact led to both medial and lateral injuries. In the
knee joint impact experiment, the peak flexion angles were 13.8° ± 1.2, 30.2° ± 5.1, and 92.9° ± 5.45 and the angular velocities
were 344.2± 30.8 rad/s, 1510.8± 252.5 rad/s, and 9290± 545 rad/s at impact velocities 2.5 km/h, 5 km/h, and 8 km/h, respectively.
When the impact velocity was 8 km/h, 1 knee had a femoral condylar fracture and 3 knees had medial tibial plateau fractures or
collapse fractures. The finite element simulation of knee joints found that medial cortical bone stress appeared earlier than the
lateral peak and that the medial bone stress concentration was more obvious when the knee was longitudinally impacted.
Conclusion. Both the experiment and FE model confirmed that the biomechanical characteristics of the injured femur and
medial tibia are likely to be damaged in a longitudinal impact, which is of great significance for the prevention and treatment of
longitudinal impact injuries of the knee joint.

1. Introduction

Knee joint injuries are commonly caused by traffic accidents,
sports medicine, and falling from high altitudes [1–3]. As the
main weight-bearing joint of the human lower extremities,
the knee joint is characterized by various activities and
complex anatomical and mechanical structures, and the
mechanisms and biomechanical responses of the knee joint
to injuries have been popular research topics [4–7]. A large
number of experimental studies have been conducted
worldwide studying injury mechanisms [8–10]. A recently

published clinical study suggests that a single fracture-free
blunt trauma will thicken the subchondral bone after injury
[11], which is followed by chronic osteoarthrosis [12]. Cur-
rently, biomechanical studies concerning the knee joint are
mainly carried out by performing impact tests in cadavers
and studying knee fractures [13]. From impact tests with dif-
ferent bending angles of the knee joint, it was concluded that
increases in the bending angle lead to increases in the fracture
load. Furthermore, because of the knee’s complicated ana-
tomical structure, finite element models have been widely
used in biomechanical studies of knee injuries [14]. However,
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in daily sports and military training [15], longitudinal
impacts to the knee in a straight state often occur. In the
above studies, the knee joint is mostly in a bent state [16],
and studies assessing the mechanical response to longitudinal
impacts to the knee in an extended state are relatively limited.
As a result, the mechanical changes of the femoral-knee-
tibiofibular structure and the mechanical responses of the
accessory structures in the joint cavity while sustaining a lon-
gitudinal impact are still not clear. It is of great significance to
explore the mechanisms and characteristics of longitudinal
impact injuries with the knee in a straight position, as in
sports and military injury scenarios. The purpose of the
study, therefore, is to study the knee longitudinal impact
injuries using both the impact experiment with cadaver knee
samples and finite element model (FEM).

2. Materials and Methods

2.1. Knee Impact Experiment. This study was approved by the
Ethics Committee of the Third Affiliated Hospital of the
Third Military Medical University.

Two unembalmed cadavers (4 knees) were used. Before
the experiment, knee X-ray examinations were performed
for the two specimens, and the specimen with bone injuries
would be excluded. Knee joint specimens were obtained
using a chainsaw, the joint capsule remained intact, and
15 cm of the proximal and distal knees was preserved. A
screw was fixed to the femoral head with bone cement, and
the screw was mounted on a rigid wall. The tibial end was
fixed with a screw, and a force sensor (CL-YD-311A, Sino-
cera Piezotronics Inc., Jiangsu, China) was mounted to mea-
sure the impact force acting on the knee joint. Strain gauges
(350Ω) were attached to the medial and lateral condyles of
the femur of the knee joint and the medial and lateral tibia,
respectively, to measure the amount of strain in the bone

(Figure 1). The specimens were put in a prone position dur-
ing the knee impact experiment, that is, the patella was in a
downward direction, the femur was connected with a fixed
barrier, and the sled hit the tibia.

The impact experiments used a motor traction system,
data acquisition system (Synergy C Rack, Hi-Techniques
Inc., Madison, USA), and high-speed photography system
(Phantom v12.1, Vision Research, Inc., Wayne, USA). The
strain and impact force signals were sampled at a sampling
frequency of 10 kHz. In the traction system, an impactor
was mounted on a small sled, with a total mass of 65 kg.
When the test was initiated, the sled was dragged and moved
when it reached the specified speed. The moving impactor
impacted the inferior portion of the knee. Each subject expe-
rienced the three impacts at the impact speed of 2.5 and
5.0 km/h and once at the impact speed of 8 km/h.

Following the impact, the responses of the knee joint
were analyzed. In the study, ε is the strain value, determined
by the formula ε = lim

L−0
△L/L . In this formula, L is the length

before deformation, △L is the elongated length, the strain
unit is 1 (the skeletal deformation is 0.1%), and strain ε is
expressed as 10−3.

2.2. Finite Element Analysis. Anatomical knee data from the
Chinese Visible Human (CVH) of the ThirdMilitary Medical
University was selected and imported into Amira® software
to outline the boundaries of the knee tissues, exported in
ASCII data format, and finally imported into HyperMesh®
to establish the initial knee model (Figure 2); the data were
processed using surface smoothing, and high-order surfaces
were created that closely fit the smoothed elements. As the
corpse specimen was maintained in a supine position for a
long time, the relative positions of the cartilage ligaments in
the joint had changed; hence, the distorted structures, such

(a) (b)

(c) (d)

Figure 1: Photos of the experimental device to assess longitudinal impact on knee joints. (a) Method for implanting the knee joint strain
sensing plate. (b) Condition after double knee electrode implantation. (c) Knee impact unit settings. (d) Traction track and Synergy
version 5.0 data acquisition software.
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as the meniscus and ligaments, needed to be artificially con-
structed; the connections between the bone and the ligaments
needed to be reconstructed; and a 15 cm long osteotomy
needed to be applied.

Due to the different mechanical properties of cortical
bone and cancellous bone, the boundary between the cortical
bone and the cancellous bone needed to be accurately estab-
lished. The thickness of the cortical bone was set at 1.5mm.
Then, on the outer surface of the cortical bone, the bound-
aries of each cartilage were outlined with reference to the

anatomy. The outlined boundary was offset to the outside
by an appropriate distance to generate the cartilage geometry
of the body. The cartilage in the knee joint was set at a 1mm
thickness on the basis of references and anatomical struc-
tures, and the cartilage thickness in the tibiofibular joint
was set at 0.375mm. The medial meniscus is large and thin,
with a “C” shape with a narrow front and a wide rear and
an “O” shape on the outside [17]. The function of the menis-
cus is to stabilize the knee joint and transfer knee load [18].
The meniscus border was outlined in the tibial plateau
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Figure 2: The development of the finite element model of the knee joint. (a) Initial inverse knee joint model showing a high-order surface
after the smoothing processing. (b) The construction of cancellous bone and cortical bone boundaries; the inward bias of the cortical bone
was set at 1.5mm. (c) The articular cartilage thickness of the knee joint was set at 1mm, and the cartilage thickness at the tibiofibular
joint was set at 0.375mm. (d) The reconstructed meniscus and cruciate ligament. (e) The mesh structure of the knee joint. (f) The
completed finite element model of the knee joint.
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cartilage. In addition, the connection between the cruciate
ligament and the medial-lateral collateral ligament plays an
extremely important role in the stability of the joint [19,
20]. The ligament model needed to be reconstructed based
on the original ligament model and then connected with
the bone [21].

During the mesh division, 1mm grids were uniformly
distributed on the surface of the meniscus. The grids were
all quadrilateral and distributed in a concentric circular man-
ner, and the surface grids were elongated into elements with a
four-layer thickness. After dividing the meniscus mesh, the
grids of the cartilage of the tibia that were connected with
the meniscus were separated, and in this area, the nodes of
the cartilage mesh were coincident with the nodes of the
meniscus. Then, the grids on the medial collateral ligament,
the patellar tendon, and the tibiofibular articular cartilage were
divided. The cortical and cancellous bone regions were divided
into 1mm grids, which ensured more hexahedrons in the soft
tissue, and the conjunction area between the soft tissue and
bone shared the same nodes. Then, the grids on the femoral
cartilage and lateral collateral ligament were divided. After fin-
ishing the grid division, the material properties, fixing, assem-
bly, and loading constraints of the model were configured
(Table 1), and the coefficient of friction was set as 0.1 [22].
Finally, a final finite element model of the knee joint was
developed (Figure 2). Considering the brittle characteristics
of the materials, the cortical bone was defined as failure when
the stress reached 115Mpa and the cancellous bone was con-
sidered failure when the stress reached 20Mpa [23]. The
model contained 490,978 units and 121,499 nodes.

3. Results

3.1. Knee Impact Experiment. The kinematic process were
analyzed from the knee impact experiments, as shown in

Table 2, in which at the speeds of 2.5, 5, and 8 km/h, the
maximal rotational angles of the knee joint were 13.8± 1.2°,
30.2± 5.1°, and 92.9± 5.5°, respectively, while the angular
velocities were 344.2± 30.8 rad/s, 1510.8± 252.5 rad/s, and
9290.0± 545.0 rad/s, respectively. Table 3 showed that with
increases in collision velocity, the bone strain amplitude peak
values and average values increased significantly, with signif-
icant differences between each group (p < 0 05).

No obvious damage was detected from the meniscus
and ligaments at the impact speeds of 2.5 and 5.0 km/h,
while at an impact velocity of 8 km/h, one knee of the
two specimens showed fractures in the femoral shaft
(Figure 3), and 3 knees showed fractures in the medial pla-
teau, which were mostly split fractures and classified as
Schatzker type IV. The collision strain curves at the impact
rates of 2.5 km/h and 5 km/h were compared and showed
that the velocity was positively related to the peak of the
strain curve and the strain time (Figure 4).

3.2. Finite Element Simulation. Figure 5 showed the kine-
matic process and stress distribution with the failure mode,
in which at an impact velocity of 2.5 km/h, for example,
the bottom of the medial tibia first showed failure and
then the failure extended to the center of the tibia until
the entire tibial plateau was fractured. The knee was further
inverted throughout the impact process. Before the fracture,
the maximal varus angle of the femur was 12.28°. At an
impact velocity of 5 km/h, the bottom of the medial tibia first
showed cracks, and then, the crack extended to the center of
the tibia until the entire tibial plateau was fractured. Com-
pared to the 2.5 km/h impact velocity, the destruction was
more intense at an impact velocity of 5 km/h. The figure also
showed cracks at the bottom of the medial tibia at an impact
speed of 8 km/h, followed by more intense fractures, making
the entire fixed plane to show a comminuted fracture.

Table 1: Material assignment of the finite element model of the knee joint.

Materials Model Parameters Reference

Cortical bone ISO ILASTIC E = 12,000, u = 0 3 [24]

Cancellous bone ISO ILASTIC E = 400, u = 0 3 [24]

Articular cartilage ISO ILASTIC E = 100, u = 0 3 [25]

Meniscus ISO ILASTIC Incompressible, C10 = 2.67, C01 = 0.667 (E = 20, u = 0 49) [25]

Ligament ISO ILASTIC E = 10, u = 0 3 [26]

Table 2: Angle changes in knees at different velocities.

Impact speed
Range of motion

Mean value
N1 left N1 right N2 left N2 right

MAX° w(rad/s) MAX° w(rad/s) MAX° w(rad/s) MAX° w(rad/s) MAX° w(rad/s)

2.5 km/h
15.7
392.5

13.6
340.0

14.1
352.5

12.2
305.0

13.9± 1.0
347.5± 25.0

5.0 km/h
26.2
1325.0

20.6
1030.0

35.2
1760

32.4
1620

28.6± 5.2
1433.75± 256.25

8 km/h
94.1
9410.0

98.6
9860.0

83.2
8320.0

88.6
8860.0

91.1± 5.2
9112.5± 522.5

MAX°: maximum deformation angle of the knee joint; W: A/T; A: angle change; T: time to maximum deformation.
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Figure 6 shows the strain of the bone impacted at the
varied speeds. The curves indicated that the strain peak
occurred first in the medial tibia and that the bigger the
impact velocity, the earlier the peak appeared. The data in
Figure 7 indicated that the medial strain of the tibia was still
at a relatively small level when the peak of the strain reached
at the medial tibia. Due to the destruction of the medial tibia,
the maximum strain was the strain value at breakage, and the
strain was essentially the same.

The simulation for the longitudinal impacts to knee joint
exhibited varied degrees of varus at various impact speeds as
shown in Figure 8. The maximum varus angles under the
three impact velocities before the fracture are shown in
Figure 9. As shown in Figure 10, before the initial crack, the
stress on both meniscuses increased rapidly, and the medial
side was slightly larger than the lateral side. When the crack
occurred in the medial tibial base, the stress on the medial
meniscus increased slowly. At this time, the lateral meniscus
stress was greater than that of the inside. The meniscus stress
had the same tendencies at all the speeds.

4. Discussion

Impacting injury to the knee joint is most commonly seen in
traffic injuries [27] or sports injuries [28]. Most studies have
been conducted under knee bending conditions [29], and
there are relatively few studies on the mechanisms and char-
acteristics of impact injury, especially for knee injuries
induced by longitudinal impacts. In this study, knee speci-
mens obtained from unembalmed cadavers were used, and
the impact tests were conducted in a straight knee position
to simulate the occurrence of human falling injuries or mili-
tary training injuries and to explore the biomechanical char-
acteristics of longitudinal impacts on the knee joint [30].

Previous experimental studies of impact injuries have
mostly focused on the knee injury mechanisms in traffic
accidents [27]. Bose et al. [31] conducted collision tests
on 40 knee specimens to simulate knee impact injuries

in traffic accidents to explore the threshold of the knee
valgus angle and shear displacement. Ruan et al. [4]
showed that in frontal collisions between motor vehicles
and pedestrians, the knee flexion angle, impact direction,
and shape of the contact surface were all factors that affected
the severity of the injury.

Our knee longitudinal impact experiment found that the
speed of the impact unit was positively related to the knee
flexion speed and the angle of flexion, indicating that the
human knee buffers longitudinal impacts on the knee
through knee flexion when falling from a high level, which
may be related to increased contact area and longer force
duration resulting from meniscus deformation during knee
flexion [32]. At the same time, the initial flexion angular
velocity is smaller during the process of knee flexion, and
the angular velocity increases rapidly after a 30° flexion,
which is related to the stress characteristics of the knee flex-
ion process. We assume that the bone of the femoral and tib-
ial medial and lateral condyle is the same, and knee stress
findings showed that under the same impact velocity, the
medial tibial plateau and the medial femoral condyle had
greater deformation, stress range, and peak values. Our study
found that in impact experiments using the cadaveric speci-
men, the knee injury but fracture was difficult to detect while
Pedersen et al. [33] considered that among the longitudinal
knee impact injuries, bone contusion sizes combined with
time of persistence are likely better measures of joint injury
severity than isolated bone contusion volume.

In addition, studies [34] have shown that the bone min-
eral density of the medial tibial plateau is lower than that of
the lateral side, which is one of the reasons that the medial
side is more vulnerable. Yukata et al. [35] studied stress frac-
tures of the tibial plateau and found that all stress fractures
occurred in the medial plateau and that the fracture location
was related to the posterior tilt of the medial tibial plateau. In
our study, we found that in the knee longitudinal collision
injury test, a longitudinal low-speed impact often led to an
inner knee injury and a high-speed collision often resulted

Table 3: Strain and impact force of knee joint.

Specimen Impact speed

Strain
Impact force (N)Medial condyle

of femur
Lateral condyle

of femur
Medial condyle

of tibia
Lateral condyle

of tibia
Peak value (×10−6) Peak value (×10−6) Peak value (×10−6) Peak value (×10−6) Peak value

N1

2.5 km/h 2116.3± 31.3 1835.5± 32.1 3258.3± 53.6 1357.5± 24.3 2164.4± 421.2
5.0 km/h 4815.7± 83.7 3865.4± 63.2 7103.1± 97.3 1394.6± 23.1 3729.5± 127.3
8 km/h 6581.4± 149.6 5321.5± 161.2 12634.6± 235.6 7653.2± 81.6 5639.2± 653.8

N2

2.5 km/h 1534.6± 30.1 1235.2± 16.3 3125.4± 14.3 2525.1± 21.3 2310.2± 324.5
5.0 km/h 4635.2± 21.3 3765.4± 59.3 7058.5± 85.2 2312.6± 25.1 4720.3± 797.8
8 km/h 6638.2± 152.6 4521.5± 122.6 11562.3± 211.5 8426.9± 74.2 6591.2± 336.2

N3

2.5 km/h 2015.5± 21.6 1845.3± 30.5 3325.1± 56.4 1325.3± 21.1 2246.1± 399.2
5.0 km/h 4526.1± 78.6 3567.4± 61.2 6829.5± 88.5 3356.2± 21.0 5528.7± 639.4
8 km/h 7229.6± 126.5 5638.2± 121.6 11561.2± 253.6 8465.3± 75.3 8639.2± 556.2

N4

2.5 km/h 1985.6± 22.9 1562.8± 16.2 3122.4± 33.2 1242.6± 22.6 2256.8± 413.5
5.0 km/h 4562.3± 56.9 3356.2± 22.9 5687.2± 88.6 1234.1± 56.3 4562.5± 648.3
8 km/h 6675.3± 133.5 5013.2± 155.2 8965.8± 225.1 6628.1± 85.3 5864.2± 655.2
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in both medial and lateral knee injuries. In actual scenarios,
there were several injury risks associated with the longitudi-
nal knee impact injuries, that is, male patients, age < 30 years,
and particularly patients who sustained a contact injury, and
as a result, special attention is therefore necessary in those

patients and early referral to magnetic resonance imaging
and/or arthroscopy is recommended to allow meniscus
repair in a timely manner [36].

In recent years, finite element analysis has been widely
used, applied in the establishment of joint models, and used

Figure 3: A fractured joint specimen at an impact speed of 8 km/h.
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Figure 4: The strain curves of bones in the knee joints at the impact speeds of 2.5 (a) and 5 km/h (b).
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Figure 5: Knee kinematic process at the varied impact speeds ((a) 2.5 km/h; (b) 5.0 km/h; (c) 8.0 km/h).
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to simulate joint stress changes under different conditions,
such as changes in the stress and strain of the femur and tibia
after hip and knee replacements [3, 37–41]. Compared to
experiments, the simulations conducted using finite element
models have advantages such as high efficiency and noninva-
siveness, and they allow for the expedient study of the

mechanical responses of the knee joint. Using CVH-based
knee anatomy data to build the finite element model could
mimic better accurate knee anatomic structure, while it
may reconstruct the meniscus and related ligaments in the
knee and ensures the stability of the knee in the sagittal plane
[42]. In the simulated impact experiment, the simulated
impact unit used an average 65 kg body weight at the varied
impact speeds to maximally simulate the characteristics of
stress and strain in the knee joint during the longitudinal
impact process. The results from the simulation and exper-
iment showed that the knee begins to rotate when a longitu-
dinal impact is loaded, and with an increase in the impact
energy, the angle of the rotation increased. Our results
found that in addition to rotation, the bone sustained a
strain when knee was contacted. Huang et al. also showed
that a knee joint finite element model could effectively sim-
ulate the characteristics of knee injury caused by contact in
a car accident [43].

Makinejad et al. [44] studied the mechanisms of longitu-
dinal impacts on the knee joint, which was similar to our
study. They investigated the stress and deformation pro-
cesses of the knee joint during the falling process from differ-
ent heights and concluded that longitudinal impact to the
knee joint is more likely to cause damage, but the distribution
of the injury sites is not yet clear. Dong et al. [45] kept the
knee straight and compressed 1150N on the knee joint and
concluded that a meniscus tear and partial meniscectomy
can accelerate the knee joint injury, which had a significant
effect on the pressure peaks and shearing force of medial
meniscus and cartilage, which is consistent with the results
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Figure 6: The strain response of medial and lateral tibial strain curves at the varied impact speeds ((a) 2.5 km/h; (b) 5.0 km/h; (c) 8.0 km/h).
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Figure 11: (a) Case 1: male, 21 years old, long distance runner, right knee pain, and swelling after knee longitudinal impact injury in one long-
distance race. MRI showed that medial femur and medial tibia had mild bone bruise, bone marrow edema, and mild joint effusion. (b) Case 2:
male, 77 years old, right knee pain, and swelling after one falling longitudinal impact injury at one meter high. MRI showed widely that medial
femoral condyle had bone marrow injury and edema. Medial tibia had mild bone bruise and joint effusion. (c) Case 3: male, 22 years old,
soldier, right knee pain, swelling, and movement dysfunction after knee longitudinal impact injury in one military training. MRI showed
widely that medial tibia had bone marrow edema, meniscus injury, and rupture of anterior cruciate ligament.
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of this study. Our study found that there was a greater risk of
injury to the medial meniscus, tibia, and medial femoral con-
dyle of the knee when the knee collision occurred while the
knee was straight; that longitudinal low-speed impact mainly
led to inner knee injury; and that high-speed impact led to
both lateral and medial knee injuries. Some studies [46] have
shown that incorrect running posture can cause varus defor-
mities of the knee and even cause “O”-shaped legs. The stress
distribution and damage characteristics of longitudinal
impact injuries to the knee joint in the corpse specimens were
consistent with those of the three-dimensional finite element
analysis and coincided with the medial stress fractures seen
in knee joints in clinical practice, as shown in Figure 11. To
prevent knee arthritis [47], one should also consider the more
severe medial stress damage caused by repeated longitudinal
impact injuries to the knee joint during daily life; thus, the
incidence of knee osteoarthritis with genu varum is higher.
Moreover, in clinical practice, in the early stages of knee oste-
oarthritis, using a lateral fibular osteotomy to reduce the
medial knee stress can achieve good clinical efficacy [48].

5. Limitations

In this study, the collision experiment used knee specimens
for in vitro experiments, which have both advantages [13]
and shortcomings. As the body specimens enrolled in the
study were old, the structure and strength may have been dif-
ferent from younger specimens. Consequently, the responses
derived from the study may represent those occurring in
seniors. The number of specimens used in this study was
small, and the specimens experienced more than one impact.
In the impact experiment, however, the cumulative effects of
impact at different speeds were not considered. The estab-
lishment of the knee finite element model was based on
CVH data rather than the specimens, while the difference
between the tested specimens and the finite element model
was not considered, and the further validation has not been
done in the present study.

6. Conclusion

The three-dimensional finite element analysis and impact
experiments showed that the stress response characteristics
of the femur and the medial condyle of the tibia are more
prone to damage under different longitudinal impact veloci-
ties. Longitudinal low-speed collisions often lead to inner
knee injury, and high-speed collisions often result in both
medial and lateral knee injuries. This study can play an
important role in providing key data for the prevention and
treatment of longitudinal collision injuries of the knee joint.
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This work studies descriptively the Head Injury Criterion (HIC) and Chest Severity Index (CSI), with a finite element model of the
Hybrid III dummy type, for six-year-old subjects in a frontal vehicular collision, using the low-back booster (LBB) passive safety
system. The vehicle seats and the passive safety systems were modelled in CAD (computer aided design) software. Then, the
elements were analysed by the finite element method (FEM) in LS-DYNA® software. The boundary conditions were established
for each study, according to the regulations established by the Federal Motor Vehicle Safety Standard (FMVSS), following the
FMVSS 213 standard. The numerical simulations were performed during an interval of 120ms and recording results every 1ms.
In order to analyse the efficiency of the system, the restraint performance of the LBB system is compared with the restraint
configuration of the vehicle safety belt (VSB) only. The obtained injury criteria with the LBB system shows its ability to protect
children in a frontal collision. The analyses allow obtaining the deceleration values to which the dummy head and chest was
subjected. Of the studies herein performed, Study I: VSB obtained a HIC36 of 730.4 and CSI of 315.5, while Study II: LBB
obtained a HIC36 of 554.3 and CSI of 281.9. The outcome shows that the restraint efficiency of each studied case differs. Used
materials, the attachment system of the LBB, and the belt restraint system properly placed over the infant trunk are the main
factors reducing the injury criteria rate.

1. Introduction

Annually, more than 260,000 children die worldwide as
result of traffic collisions; it is also estimated that up to 10
million of them suffer nonfatal injuries. Trauma caused by
traffic accidents are the second cause of death for children
aged 5–14 years. The 22.3% of children who died during
2004 from 0 to 14 years old were involved in traffic accidents,
of which the ones aged 5–9 years showed the highest mortal-
ity rate [1]. In Mexico, between 2000 and 2010, 17,700
children under the age of 15 have died in traffic accidents
[2]. In 2011, traffic accidents in Mexico City became the third
cause of death for children aged 5 to 9 years, as well as the
fourth for children aged 10 to 14 years [3].

In 1972, the first Federal Safety Standard for children
occupying vehicles FMVSS 213 (Federal Motor Vehicle
Safety Standard) was issued, which specifies the require-
ments for infant seats to be marketed in the United States
of America [4].

Severe injuries on the pelvis, shoulder, thorax, neck, and
head have often occurred in frontal collisions. The neck
usually experiences the inertial load generated by the head;
during the initial phase of a crash, more restraint is applied
in the lower neck, while the head is normally subjected to a
horizontal translational displacement relative to the torso,
inducing neck extension movements in frontal collisions
[5]. Such movement generates high traction loads on the
neck during the main horizontal deceleration of the head.
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The previous phenomenon occurs when no head contact
exists with external objects like the backs of front seats.

The neck is exposed to significant mechanical loads when
the natural range of neck extension and flexion is overpassed,
causing elongation and tearing in different ligaments, as well
as even the dislocation of the neck’s articulations [6].

On the other side, chest injuries can range from rib
fractures to even more severe injuries that cause internal
organs to collide with internal body walls, producing abdom-
inal bruises, wounds, and scratches. Lesions of the thoracic
aorta, of the small intestine, or even mesentery, occur
when the body abruptly stops while the interior organs and
tissues continue to move forward by inertia, causing aortic
twisting or tearing of intestinal loops at their mesenteric
insertion [7].

The probability to suffer head injuries is calculated
using HIC (Head Injury Criterion). The latter is obtained
by calculating the resulting linear acceleration of the head’s
centre of gravity, and it is measured in units of the earth’s
gravity acceleration (g) [8]. HIC does not take into account
factors such as the rotational acceleration of the skull or
any effect on the location of the impact on the head. A
HIC value of 1000 is considered as the threshold for brain
lesions [9].

The FMVSS 208 establishes that in order to discard chest
damage, the maximum acceleration on the chest must be
below 60g in a time interval of 3ms (CLIP3M) and a CSI
(Chest Severity Index), calculated as the HIC but over the
chest, value lower than 1000 [10].

The American Association of Paediatrics recommends
the usage of a low-back booster (LBB) for children aged
between 4 and 8 years or weighing 40–80 lb (18–36 kg) [11].
The Hybrid III 6-year-old dummy selected for this study fits
well within these ranges of age and weight.

This research is intended to quantify the performance of a
LBB system and to validate the numerical models with exper-
imental tests performed by Hagedorn and Stammen [12].

2. Methods

In order to quantify the differences between HIC and CSI
when implementing the LBB and vehicle seat belt (VSB),

two analysis scenarios were proposed and simulated with
the LS-Dyna v. 9.71 software. Both analyses were performed
with the Hybrid III 6-year-old FEM dummy model. The seat
belt was modelled to perform the restraint analysis in both
situations: VSB restraint only and VSB with the LBB under
the dummy. The LBB Evenflo®, belonging to groups 2 and
3 (adjustable 3–11 years or 18–49.8 kg), was used to design
the LBB system in CAD software.

The analyses were carried out with a crash speed of
48 km/h (13.34m/s) as indicated by the FMVSS. The scenar-
ios were done by implementing 2 passive safety systems (VSB
and LBB):

(a) Study I (VSB): the dummy was placed on the back
seat of a sedan vehicle and was restrained with just
the seat belt implemented nowadays (Figure 1).

(b) Study II (LBB): the dummy was seated on the LBB
and was secured with the 3-point safety belt included
with the vehicle (Figure 2).

2.1. Designs andMaterials. The vehicle rear seat was designed
in CAD software accomplishing the approximate size of the
rear seats of a model 2008 Honda Fit® vehicle.

The LBB is mounted on the rear seat as indicated in its
user manual and the vehicle’s user manual. The rear seat of
the vehicle is composed of two materials: the steel bracket
and the foam. A plastic holder is used as a joint between
the seat backrest part and the seat cushion part.

In the same way, the LBB was designed with the mea-
surements of the LBB Evenflo. It consists of structural mate-
rial as well as foam. The rear seat with the LBB was
assembled by CAD. Each study case is meshed by an Arbi-
trary Lagrangian-Eulerian (ALE) mesh, because it is a self-
adjustable meshing method [13]. A mesh of 8mm in size
composed of 3D tetrahedral elements is computed and gen-
erated using the HyperMesh® V.14.0 software.

In order to accurately model the LBB structural material,
polypropylene was selected. Polypropylene has the following
mechanical properties: density of 9× 10−7 kg/mm3, Young’s
modulus of 1.35GPa, elastic limit of 0.036GPa, and Poisson’s
ratio of 0.3 [14].

Support
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x
z

Dummy

VSB

Rear seat

Figure 1: Study I (VSB).
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xz
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guides

3-point safety belt
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Rear seat

Figure 2: Study II (LBB).

2 Applied Bionics and Biomechanics



For the padding of the seat and LBB, the DAX 55 foam
was chosen. This foam has the following mechanical proper-
ties: density of 3.5× 10−8 kg/mm3, Young’s modulus of
5× 10−5GPa, and Poisson’s ratio of 0.31 [15].

For the polypropylene and FAX 55 foam, the data pre-
sented above is to be loaded in LS-DYNA [16].

The mechanical properties of the steel bracket of the rear
seat are: density of 7800 kg/mm3, Young’s modulus of
210GPa, elastic limit of 0.6GPa, Poisson’s ratio of 0.3, and
tangent modulus of 0.3GPa.

The design of the 3-point safety belt was made according
to the specifications of the selected model of the belt, which is
4.7 cm wide by 1mm thick. The design of the belts was per-
formed with the BELTFIT tool in the LS-DYNA software.
The belt placement was performed according to the National
Highway Traffic Safety Administration (NHTSA) standard
(Figure 3). The design of the belts considered one-
dimensional and two-dimensional elements (Figure 3).

Section and material for the one-dimensional elements
were assigned with the predetermined seatbelt configura-
tion in LS-DYNA. This material has a linear density of
λ = 5 97 × 10−4 kg/mm [17].

The two-dimensional elements were assigned a shell-type
section with a thickness of 1mm. Also, these elements
were endowed with an elastoplastic-type material, with a
piecewise linear plasticity behaviour and the mechanical
properties of nylon: density of 1× 10−6 kg/mm3, Young’s
modulus of 5.333GPa, elastic limit of 0.08GPa, and Pois-
son’s ratio 0.3.

Curves of load and unload, representing the axial force as
a function of the strain of the safety belt, were obtained by
Dhole et al. [18]. The seat belts’ anchorage guides and fixa-
tion points were approximately placed according to height
and distances for the considered sedan vehicle.

In the case of the LBB system, the lap belt portion of the
VSB has been upgraded to include 3 lengths of two-
dimensional elements allowing the restraint of the LBB by
the VSB.

2.2. Boundary Conditions. The initial speed of the system is
13.34m/s along the “x” axis. In the “y” direction correspond-
ing with the vehicle vertical direction, the only force acting is
gravity (“−y” axis), with a constant value of 0.00981mm/ms2.
The deceleration curves in the “x” direction are taken from
FMVSS regulation and are introduced in the software.

Contact boundary conditions were selected as automatic
in the software for explicit simulations. In the tangential
direction to the plane of the contact, the resulting stresses
are due to friction between parts, and the stresses are defined
by static and dynamic friction coefficients of 0.3 and 0.2,
respectively [19]. The nodal elements (foam-LBB) were
linked for them to behave like one body.

3. Results

Numerical simulations were performed in a range of 120ms,
recording results every 20ms (Figure 4). In the next para-
graphs, we present the results for each anatomic part ana-
lysed from the dummy (head and chest).

3.1. Head. Figure 5 shows the dummy head resultant acceler-
ation for both LBB and VSB systems, which were obtained by
an accelerometer sensor type located in the centre of gravity
of the dummy head used in the simulations.

Figure 5 shows that the head resultant acceleration ramps
up earlier for the LBB than for the VSB, due to a better con-
nection of the dummy trunk for the LBB than in the case of
the VSB. The same tendency can be observed for the

One-dimensional

elements

Two-dimensional

elements
Support
guides

Dummy

Figure 3: Design of the safety belts.
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resultant acceleration of the dummy thoracic spine analysed
from the latter. This fact allows for a better restraint for the
dummy during the earliest stages of the crash producing a
wider restraint phase with lower maximum values at the
end when the LBB system is used.

The lower value of HIC36 is presented for the LBB system,
with a value of just 554.3 and a maximum peak head resul-
tant acceleration of 62g, while for the VSB system, the same
injury criteria increment is 730.4 and 65g.

3.2. Thorax. The analyses done in Section 3.1 were also repro-
duced for the chest, by placing the numerical accelerometer
in the thoracic spine of the dummy’s thorax. The position
of the thoracic spine accelerometer in the dummy model rep-
licates the position in the current physical dummy. Although

the thoracic spine acceleration is not an appropriate parame-
ter to derive injury criteria for the chest, it has been used in
this article to obtain references to the thoracic restraint capa-
bilities of systems studied. The resultant thoracic spine decel-
eration value was obtained in the crash simulation, and later
it was used to calculate the CSI. For CSI calculation, the same
formula as the one used for the HIC has been employed
replacing the head centre of gravity resultant acceleration
by the thoracic spine resultant acceleration. Even the 3ms
cumulative resultant thoracic spine acceleration criterion
was also obtained as FMVSS 213 was established. Thoracic
spine resultant acceleration for both LBB and VSB can be
observed in Figure 6.

LBB generated a CSI of 281.9 and a thoracic spine
acceleration 3ms clip of 44.36, while VSB yields to CSI values
of 315.5 and thoracic spine acceleration 3ms clip of 45.23,
respectively. The area under the curves displayed in
Figure 6, between 20g and 40g, shows an indication of the
energy absorbed by the dummy trunk. It can be observed in
the lower area for the LBB system compared to the VSB
system. This fact produces a better restraint for the dummy
pelvis area of the LBB system and includes the thoracic spine
because the pelvis is linked to the lower portion of the tho-
racic spine through the lumbar spine.

y
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Figure 4: Dummy kinematics results: (a) VSB and (b) LBB.
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Figure 7 shows a comparison of the longitudinal acceler-
ation of the chest in the two tests. The maximum thoracic
spine displacement of LBB is lower than VSB and the highest
energy absorption was generated in the last 300mm.

4. Discussion

To validate the numerical analyses herein performed, a com-
parison of the peak values of the obtained uniaxial decelera-
tions of the head and thorax, for the HIC36 and for the
thoracic spine acceleration 3ms clip, with experimental tests,
is shown in Table 1 [12].

In Table 1, the HIC36 results approximate the experimen-
tal results with an error of less than 7.7% in the worst case.
Also, it can be inferred that the principal reason for this error
is because of the difference in dimension, geometry, and mass
in the experimental and numerical seats that were used in
this study. Likewise, in both restraint systems analysed, a
higher HIC36 is generated when VSB is implemented with
respect to the use of the LBB system.

5. Conclusion

The LBB system generates the smallest HIC36, because the
belt properly holds the dummy when its sitting height
increases, properly fastening the belt over the children’s
shoulder and pelvic area. This allows a child to benefit from
the protection provided by three-point seat belts in frontal
impacts by properly distributing the loads on the pelvis, tho-
rax, and the shoulder during a frontal crash. Likewise, this
reduces the risk of child movement by inertial force and the
seat belt forces over the trunk are lower, reducing the neck
moment, decreasing the HIC.

In this study, the best protection level obtained with the
LBB system is based on two fundamental factors: a good
anchorage behaviour to the vehicle and the improvement of
the fit of the seat belt on both the pelvic and shoulder area
of the child.

There is, indeed, a clear need to improve a booster seat
design to achieve higher levels of protection for children
between 4 and 8 years old during frontal impacts. This could
be through the usage of a fully rigid anchorage system and
the adjustable height of the LBB system to allow the seat belt
of the vehicle to fit properly to the child depending on his age
and anthropometry.

Due to the high cost and time involved in developing the
experimental tests herein presented, it is feasible to perform
them numerically in order to simulate nonlinear physical
phenomena, in order to obtain approximate values with
respect to the experimental tests, allowing the minimisation
of costs. Numerical tests also offer the possibility of modify-
ing variables to carry out new analyses. In addition, numeri-
cal tests also allow simulating side and rear impact scenarios
with the LBB.
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Table 1: Comparison of numerical and experimental results.

Numerical results

Test 1

HIC36 = 730.43 TSA3MSC= 45.23g

HAx= 58 HAy= 51 HAz= 7.4

TSAx= 46 TSAy= 10 TSAz = 6

Test 2

HIC36 = 554.3 TSA3MSC= 44.36g

HAx= 46 HAy= 53 HAz= 15

TSAx= 45 TSAy= 12 TSAz = 6.5

Experimental results by Hagedorn and Stammen [12]

Test 10

HIC36 = 801 TSA3MSC= 44.3g

HAx= 65 HAy= 51 HAz= 6.5

TSAx= 40 TSAy= 20 TSAz = 14

Test 6

HIC36 = 594 TSA3MSC= 50.8g

HAx= 51 HAy= 47 HAz= 7

TSAx= 50 TSAy= 17 TSAz = 5

HAx, head acceleration axis x; HAy, head acceleration axis y vertical; HAz,
head acceleration axis z; TSAx, thoracic spine acceleration axis x; TSAy,
thoracic spine acceleration axis y vertical; and TSAz, thoracic spine
acceleration axis z.
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The human head will inevitably impact on the panel causing injury due to the inertia during dump truck collisions or emergency
braking. Therefore, this paper aims to analyze the effects of panel design parameters on occupant head injuries via simulations
using finite element (FE) models of a human head and a dump truck cockpit. Special focus was applied to understand how
panel type (soft and hard), elastic modulus of the filling and frame, and the fixing distance for the soft panel could affect head
injuries in head-to-panel impacts under different impact conditions (impact speed and location). Simulation results show that a
soft panel is beneficial for head protection in impacts with the truck instrument panel, and a soft panel using a lower filling
elastic modulus, lower frame elastic modulus, and longer fixing distance is helpful for head injury prevention. The findings also
indicate that the head peak acceleration and maximum skull stress are more sensitive to the fixing distance and elastic modulus
of frame than elastic modulus of the filling of the panel. Moreover, these trends are not affected by changing the impact speed
and impact location. The findings of this study suggest that a safer panel design for head injury prevention should firstly have a
long fixing distance and then followed by using softer filling and frame materials.

1. Introduction

The dump truck is widely used for transportation of large-
scale metal mines, coal mines, water resources, and so on
with high efficiency and loading capability. However, the
safety of dump truck is particularly an important issue due
to the complex workplace. Impacts between the head and
instrument panel in a condition of truck collision or emer-
gency braking generally lead to greater threat to the lives of
the occupant of a dump truck. Therefore, the safety of the
panel has become important for vehicle design.

At present, the study of the panel is mainly based on the
United Nations Economic Commission for Europe Regula-
tion number 21 (ECE R21 [1]). In this regulation, the head
is simplified to a solid model with a rigid material body and
a vinyl nonlinear material skin, and then they are bonded
together as the impactor. In the tests, the diameter of the
head form is 165mm, the mass for the impactor is 6.8 kg,
and the impact speed is 24.1 km/h. The ECE R21 requires

that the measured acceleration response of the head form
under the prescribed test condition should not exceed 80 g
continuously for more than 3ms. Physical impact test using
head form is an important method for study of panel safety
design. Liu et al. obtained spherical head model acceleration
changes based on impact tests of head form and gravity
impactor with a panel [2]. However, physical impact test is
not the optimal approach for study of panel design since it
is difficult to control the factors around the period of the tests
and the parameters about the impact test are inconvenient to
change. Moreover, the circle of the physical impact test is
long and the cost is high. Therefore, numerical simulations
using the head form and car models were widely used for
panel safety design. Haniffah et al. ascertained the appropri-
ate material of the panel according to the rules of the head
form stress changing predicted from simulations [3]. Zhao
and Zhao [4] and Bao and Qi-ming [5] optimized the panel
by changing panel attribute parameters to reduce head accel-
eration based on simulations. However, previous studies on
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panel safety design were mainly based on head form as men-
tioned above, which cannot predict the biomechanical
response of human head in the collisions.

The purpose of this study is therefore to analyze the
effects of different panel design parameters on occupant head
injury using a more accurate human head model via finite

element (FE) simulations. In particular, the design parame-
ters of the panel type, filling elastic modulus, frame elastic
modulus, and length of panel were considered. This work will
provide important data for the design of truck panel with the
purpose of reducing occupant head injuries in the complex
workplace [16–18].

Scalp
Cortical
bone

Canllcellous
bone

Scalp

CSF

Pia mater

Dura mater

Flax cerebri

Pituitary gland

Corpus callosum

Figure 1: The FE model of the head.

Table 1: Materials of bones [6–8].

Material
Density
(g/cm3)

Young’s
modulus
(GPa)

Poisson’s
ratio

Shear
modulus
(GPa)

Hardening
parameter

Cowper-Symonds
model

Molding
failure

strain (%)C P

Cranial cortical bone 2.0 11.5 0.3 1.15 0.1 2.5 7 0.02

Cancellous bone of skull 1.0 0.04 0.45 0.001 0.1 2.5 7 0.03

Bone of cortical bone 5 21 0.23 1.15 0.1 2.5 7 0.02

Cancellous bone of facial
bone

1 0.04 0.45 0.01 0.1 2.5 7 0.03

Mandibular cortical bone 2 11.5 0.3 1.15 .1 2.5 7 0.02

Mandibular cancellous bone 1 0.04 0.45 0.01 0.1 2.5 7 0.03

Table 2: Head soft tissue material parameters.

Head component
Density,
ρ (kg/m3)

Young’s modulus
(MPa)

Poisson’s
ratio

G0 (kPa) G∞ (kPa) β (s-1)
Bulk modulus

(MPa)
Reference

Scalp 1000 16.7 0.42 [9]

Dural 1130 31.5 0.23 [9]

Pia mater 1130 11.5 0.45 [9]

CSF cerebrospinal
fluid

1050 100 20 100 4.97 [9]

Brain 1040 1.66 0.928 16.95 557 [10]

Cerebellum 1040 1.66 0.928 16.95 557 [10]

Brainstem 1040 1.66 0.928 16.95 557 [10]

Corpus callosum 1140 31.5 0.45 [11]

Sickle 1140 31.5 0.45 [11]

Pituitary/ventricles 1140 31.5 0.45 [11]
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2. Materials and Methods

2.1. Head FE Model. The head FE model was extracted from
a whole body model which was developed and used to study
the chest injury during impacts in different directions [12].
The head model was then improved and validated by Mao
et al. in a later study [13], see Figure 1. The validation study
mainly focused on evaluating the biomechanical response of
the head model under loading conditions of drop and blunt
impact at different speeds comparing with cadaver test data
from Yoganandan et al. [14, 15], and the validation results
show good agreement with the experiments [13]. Thus, the
head FE model is reliable for analysis in the current study.

The brain is a soft biological organ with high water con-
tent (close to 80%). It shows incompressibility, nonlinearity,
anisotropy, and viscoelasticity. Thus, the ∗MAT_VISCOE-
LASTIC (6# material in LS-DNYA) was selected. Plenty of
brain tissue experiments show that the deformation of the
brain tissue depends on its shear modulus, so its formula is
as follows:

G t =G0 + G0 − G∞ e−βt , 1

where G0 is short-term shear modulus, G∞ is long-term
shear modulus, and β is decay coefficient. The material
parameters used for the head model components are given
in Tables 1 and 2.

2.2. Dump Truck Cockpit FE Model. The FE model of a dump
truck cockpit was developed using a finite element prepro-
cessing software HyperMesh. It consists of the truck frame-
work, seat, panel, and other structures in the cockpit, see

Figure 2. The dump truck cockpit FE model includes
1513114 nodes and 1505251 elements.

Two panel types (soft panel and hard panel) are usually
used in dump trucks. Soft panels are mainly made up of poly-
vinyl chloride (PVC) and polycarbonate (ABS), while hard
panels are usually made of plastics. For the soft panel, ABS
and PVC materials are usually used in the skin and frame,
and the polyurethane (PUR) material is chosen as the filing
layer to reduce the stiffness of the panel. Table 3 shows the
materials for the truck framework and the panel, where the
DC01 low carbon steel was selected to model the frame of
dump truck and the material models for the soft and hard
panel were defined, respectively. The data in Table 3 were
extracted from a previous study of head-to-panel impacts [4].

2.3. Setup of Impact Simulations

2.3.1. Impact Location and Impact Speed. The impact location
should cover the high aggressive structures in the panel,
including the fragile places and high stiffness structures.

Figure 2: The FE model of the dump truck.

Table 3: The materials defined for dump truck frame and panel [4].

Structure Material
Young’s modulus

(MPa)
Poisson’s
ratio

Density,
ρ (kg/m3)

Framework DC01 2.1× 105 0.28 7.85× 103

Hard panel PC 2400 0.35 1007

Soft panel

Skin PVC 2400 0.35 1350

Frame ABS 3400 0.35 1007

Filling PUR 20.0 0.01 140
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According to this principle, the impact locations in the panel
were chosen as shown in Figure 3. The selection of the impact
location is also to consider the potential contact locations of
the occupant during operation.

The working speed of the dump truck usually does not
exceed 40 km/h due to the terrible working environment.
Therefore, the speeds of 10 km/h, 24.1 km/h, 32 km/h,
and 40 km/h were used in this study with a combining
consideration of the impact speed required by ECE R21
(24.1 km/h).

2.3.2. Parametric Study. Table 4 shows the information for
different parametric studies. Firstly, a parametric study was
carried out on the influence of the panel type (soft versus
hard) on head injuries by comparing the results from the
impact simulation of a soft instrument board with that from
a hard panel. Then the effects of filling elastic modulus (filling
E: 200 versus 20MPa), frame elastic modulus (frame E: 0.34
versus 3.4GPa), and fixing distance (L: 450 versus 550 versus
650mm, see Figure 3) in the soft panel on head injuries were
analyzed, respectively.

For the parametric study of softer panel design parame-
ters, either different impact speeds (10 km/h, 24.1 km/h,
32 km/h, and 40 km/h) or different impact locations (A, B,
and C) were used to consider the working environment of
the dump truck. For the impact speed changing case impact,
location B was selected to cover the main impact area (front
of the occupant). While for the impact location changing
case, impact speed of 24.1 km/h was used to take the require-
ment of ECE R21 (the only regulation for panel safety design)
into consideration. The combinations of impact speed and
location were not considered to reduce the computational
time, and the increase of impact speed generally leads to a
worse situation.

3. Results

3.1. Effects of Panel Type on Head Injury. The simulation
results for different panel type are shown in Figure 4, includ-
ing the time-acceleration curve and skull stress nephogram.
The results show that the maximum acceleration of the head
is 97 g (near 9.5ms) for the hard panel, and the time range for
head acceleration above 80 g in the hear panel case is from
7.6ms to 13ms (the peak width=5.4ms), see Figure 4(a).
Both the peak value and duration time exceed the require-
ments in the ECE R21, where a maximum head acceleration
of 80 g and a duration time of 3ms are limited. However, for
the soft panel, the maximum acceleration of the head is 72 g
(at 7.4ms), which meets the requirement of ECE R21. Simi-
larly, the maximum stress of the skull for the impact with
the hard panel (100MPa) is significantly higher than that
for the soft panel (75MPa), and the peak stress area for the
hard panel case is also obviously wider than that for the
impact with the soft panel.

3.2. Effects of Soft Panel Design Parameters on Head Injury at
Different Impact Speeds. Figure 5 shows the head acceleration
curves for simulations of head-to-soft panel impact using dif-
ferent design parameters at different speeds. As shown in this
figure, the peak acceleration values of head for the cases of
filling elastic modules of 20MPa are significantly lower than
those for the cases of using a filling elastic modules of
200MPa (#1 versus #4: 50 g versus 52 g, 64 g versus 71 g,
70 g versus 74 g, and 75 g versus 78 g for 10 km/h, 24.1 km/
h, 32 km/h, and 40 km/h, resp.), when keeping other design
parameters at the same level. The maximum head accelera-
tion for the impacts with a panel using a frame elastic mod-
ules of 0.34GPa (#2: 63 g, 48 g, 67 g, and 69 g) are also
obviously lower than those for a stiffer frame with elastic
modules of 3.4GPa (#2 versus #3: 48 g versus 53 g, 63 g versus

L

A C
B

Fixing location

Impact area

Figure 3: Impact area.
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72 g, 67 g versus 82 g and 69 g versus 89 g for 10 km/h,
24.1 km/h, 32 km/h, and 40 km/h, resp.), again other design
parameters were controlled. For different fixing distances
(controlling other parameters), the results show that the head
peak acceleration values for the cases of 450mm are the high-
est, followed by the cases of 550mm and 650mm (#4 versus
#2 versus #5: 52 g versus 48 g versus 37 g, 71 g versus 63 g ver-
sus 42 g, 74 g versus 67 g versus 48 g, and 78 g versus 69 g ver-
sus 51 g for 10 km/h, 24.1 km/h, 32 km/h, and 40 km/h, resp.).

Figure 6 shows an example for the distribution of skull
stress at the time point where the maximum stress occurred.
These results show that the maximum stress value of the skull

for the case using a filling elastic modulus of 20MPa is
slightly lower than that for the case with a filling elastic mod-
ulus of 200MPa when controlling other parameters. The
peak skull stress area for the 20MPa filling elastic modulus
case is also smaller than the 200MPa case. However, signifi-
cant differences in maximum skull stress and its area were
observed between the cases using a frame elastic modulus
of 0.34GPa and 3.4GPa, where the maximum skull stress
for the former is 15MPa (Figure 6(b)) and 65MPa
(Figure 6(c)) for the latter. The maximum skull stress for
the fixing distance of 450mm, 550mm, and 650mm are
20MPa (Figure 6(d)), 15MPa (Figure 6(b)), and 3MPa
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Figure 4: The simulation results for the hard and soft instrument panel.

Table 4: The properties of the panel for different parametric studies.

Parametric study Filling Frame L Speed (km/h) Location

Panel type
Soft versus hard (see Table 3 for material

parameters)
450mm 24.1 B

Filling elastic modulus 200 versus 20MPa 0.34GPa 450mm
10, 24.1, 32, and

40 at B
A, B, and C at
24.1 km/h

Frame elastic modulus 200MPa 0.34 versus 3.4GPa 550mm

Support position 200MPa 0.34GPa 450 versus 550 versus 650mm
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(Figure 6(e)), respectively. The case of 650mm has the
smallest peak stress area in the skull comparing to another
two cases.

The stressdistributions for the speedsof10 km/h, 32 km/h,
and 40 km/h are not shown here, but the similar (to the

24.1 km/h case) trend of the maximum stress as a function
of changing the magnitude of a given design parameter was
observed for other impact speeds (Figure 7). The data in
Figure 7 also show that the maximum skull stress increases
with increasing impact speed.
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(b) Head acceleration curves for simulations at 24.1 km/h
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(c) Head acceleration curves for simulations at 32.0 km/h
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Figure 5: Head acceleration curves for simulations using different design parameters.

6 Applied Bionics and Biomechanics



3.3. Effects of Soft Panel Design Parameters on Head Injury at
Different Impact Locations. Figures 8 and 9 show the pre-
dicted head acceleration time history curves and the

maximum skull stress values for the simulations using differ-
ent design parameters at different impact locations. It is clear
from these data that both peak head acceleration and
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Figure 6: Skull stress for simulations at 24.1 km/h.
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Figure 7: The peak value of the skull for simulations at different speed.
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maximum skull stress are lower in the cases with a relatively
softer panel and longer fixing distances. This trend is con-
stant for all impact locations, which is similar to that
observed from changing impact speed.

The simulation results also show that the peak head
acceleration values and maximum skull fractures in locations
A and C (Figures 8 and 9) are larger than those for the loca-
tion B (Figures 5(b) and 9).

4. Discussion and Conclusions

The effects of different panel type and design parameters of
the soft panel on head injury index of peak acceleration and
maximum skull stress in head-to-truck panel impacts were
predicted using FE simulations. Comparisons of head accel-
eration and skull stress between hard and soft panel
impacts indicate that the soft panel is beneficial for head
protection when impacting with a truck instrument panel.
This effect is mainly from the generally lower stiffness of
the soft panel.

For the detailed analysis of how different design parame-
ters of the soft panel affect head injuries in the head-to-panel
impact, the results indicate that a lower filling elastic modu-
lus, lower frame elastic modulus, and longer fixing distance
are helpful for head injury prevention in head-to-panel
impacts. Moreover, the above trends are not affected by
changing the impact location and speed to some extent.
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Figure 8: Head acceleration curves for simulations in different locations.
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The results also suggest that the head peak acceleration and
maximum skull stress are more sensitive to the fixing dis-
tance than elastic modulus of the filling. This is mainly due
to the fact that increasing the fixing distance leads to a signif-
icant increase of panel deformation in the head-to-panel
impact, which absorbed lot impact energy for head protec-
tion. While the differences in panel deformation from chang-
ing filling and frame elastic modulus are smaller than that
from the change of fixing distance. Therefore, a safer panel
design for head injury prevention is firstly suggested to have
a long fixing distance and then followed by using softer filling
and frame materials.
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