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Abstract

The purpose of the present study is to perform mathematical modelling
analysis of muscle effect on the kinematics of the human body in a car collision.
The study is divided in two parts: 1) Multibody analysis of muscle effect on
response of the human head-neck complex in a frontal car collision and 2)
Development of finite element Hill-type muscle model for investigation of
muscle effect on the biodynamic response of the human body to transient loads.

The parameter study of muscle effect in a frontal car collision was done to
analyse two important problems: 1) Influence of the triggering times of the
muscle activity on the head-neck complex response, and 2) Sensitivity of the
calculated muscle effect to parameters and structure of the muscle model. In
order to investigate these two problems, a simplified multibody model of the
head-neck complex, with the neck treated as a single rigid link, was used.
Results obtained with this model indicated that muscles can significantly affect
kinematics of the head-neck complex in frontal impacts only when the horizon-
tal acceleration of a car during a crash is not greater than 15 g, and when the
reflex time is lower than 60 (80) ms. Furthermore analysis of these results sug-
gested that complexity and determining the parameters of the Hill-type muscle
model are not the crucial points in the investigation of the muscle effect on the
biodynamic response of the head-neck complex in a car collision. Differences
between various kinds of the Hill-type models were not strong enough to signi-
ficantly affect structural response of the model of the head-neck complex. The
validity of the simplified model of the head-neck complex was limited to the
analysis of the muscle effect on the basic kinematics of the head-neck complex
in frontal car collisions. It was deficient for in more detail investigation of
muscle effect on the cervical spine kinematics and the neck injuries.

Finite element analysis is a direct method to develop a head-neck model
which enables such investigation. However, commercial finite element codes
do not facilitate appropriate modelling of skeletal muscles. Thus, the authors
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attempted to develop a new Hill-type model of skeletal muscle in finite element
code PAM-CRASH, which is described in the second part of the present
report. Results obtained with the current one-dimensional muscle model indi-
cated that this model is suitable for modelling essential features of skeletal
muscle behaviour under both isometric contraction and transient load con-
ditions. Therefore this model can be used as the basis for further development
of two- and three-dimensional muscle models which are recommended for in-
depth analysis of muscle effect on responses of the human body in car colli-
sions.

Keywords: frontal car collision, head-neck complex kinematics, muscle effect,

Hill-type muscle models, mathematical model, multibody model,
finite element muscle model.
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Chapter 1. Parameter Study of Muscle Effect on Response of the Head-Neck Complex
in a Frontal Car Collision

1.1 Introduction

The role of muscles is seldom taken into account in analysis of the mechanisms of in-
juries to the neck in car crashes. Since the experimental literature has indicated that muscles
can affect kinematics and kinetics of the head-neck complex when impact severity is not ex-
tremely high, disregarding the muscles may not always be appropriate. Important limitation
of the literature data is that muscle activity during impacts still remains largely unquantified.

For instance, in the studies by Mertz and Patrick (1967, 1971) only two distinct physio-
logical muscle states were distinguished: relaxed and tensed. Muscle tension was only roughly
controlled; the subject was simply asked either to relax or to contract muscles. Mertz and
Patrick (1967, 1971) analysed rear-end impacts with acceleration up to 6.6 g and speed up to
37 km/h. They found significant differences in the head kinematics and the maximum tor-
ques about the occipital condyles between a human subject with relaxed muscles, a human
subject with tensed muscles, and cadavers, see Table 1. Important limitation of the studies by
Mertz and Patrick (1967, 1971) is that only one 50th percentile human subject was used.
Thus, generalisation of their results may not be appropriate.

Differences between cadaver and volunteer responses in frontal impacts have been also
reported by Wismans et al. (1987). They found that in a 15 g impact, the peak angle of the
head flexion in cadaver tests is greater than that in volunteer tests. One explanation could be
that muscle tension restrains the motion of the head in volunteers. However, the muscle ten-
sion was not measured in the study by Wismans ez al. (1987).

Muscle tension was more accurately controlled in the study by Verriest et al. (1972),
who investigated the response of head-neck complex of baboons in frontal impacts. Subjects
were anesthetised to keep muscles in relaxed state, and electric stimulation was used to acti-
vate muscles. The results by Verriest et al. (1972) indicated that muscle tension can reduce
maximum angular acceleration of the head by about 40% in frontal impact with acceleration
of 20 g.

Bosio and Bowman (1986) observed phenomena which indirectly confirm that muscles
can significantly influence the flexion/extension angle of the head in a car crash. They identi-
fied two modes of the head extension about the occipital condyles in frontal impacts: 1) ex-
tension with rebounding after reaching a given peak of extension angle, and 2) extension
without rebounding after the first peak. The extension without rebounding can be related to
significant activity of the neck extensors.

Potential relevancy of the muscle activity to analysis of the kinematics of the human
head-neck complex in a low speed impact has been also discussed by Szabo and Welcher
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(1996). They measured electromyographic signal from the human neck and lumbar muscles
in rear impacts at a speed up to 14 km/h and acceleration up to 5 g. The electromyographic
signal was obtained with surface electrodes. Szabo and Welcher (1996) measured that muscle
activity occurs 100—125 ms after the moment of contact of a car bumper. They hypothesised
that muscles may be triggered by centrally generated response. In the experiments by Szabo
and Welcher (1996), all subjects kept muscles in relaxed state prior to impact. Therefore
direct evaluation of the muscle effect is not possible with their data.

Table 1 Summary of the results by Mertz and Patrick (1967, 1971)

Subject Impact Max. Torque Max, Head Muscle
Severity About Occipital Angle Tension
Condyles
Cadaver 16 km/h 20.3—37.5 Nm No data —
Human 16 km/h 16.7 Nm No data Tensed
Human 41g 20.4 Nm 47 Relaxed
Human 4.1¢g 16.7 Nm 22° Tensed

Better evaluation of muscle role in impacts requires information about muscle force.
However, direct measurement of muscle force in volunteers under load of a car crash is
strongly limited by ethical and technical reasons. Alternative solution is to use mathematical
modelling to calculate muscle force. Muscle force can be predicted with various kinds of
muscle models, such as purely phenomenological models which treat muscle as dynamic sys-
tem of given order (Dabrowska and Kedzior, 1985; Kedzior and Lackowski, 1992), Hill-type
models (Hill, 1938; Hatze 1981), cross-bridge model (Huxley and Hanson, 1954; Huxley
1969; Huxley, 1971), distribution-moment model (Zahalak, 1986; Zahalak and Ma, 1990;
Ma and Zahalak, 1991) and models based on continuum mechanics (Huyghe ez al, 1991a;
Huyghe et al., 1991b; Taber, 1991a; Taber, 1991b; Fung, 1993). Cross-bridge model, dis-
tribution-moment model, and models based on continuum mechanics are far more complex
than Hill-type models. For this reason the Hill-type models have been commonly used in im-
pact biomechanics, e.g. study of the kinematics of the human cervical spine by Pontius and
Liu (1976), and analysis of muscle effect on the kinematics of the head-neck complex by
Happee and Thunnissen (1994a; 1994b).

The model of muscle by Happee and Thunnissen (1994a; 1994b) contains muscle mass,
which makes it possible to investigate simultaneously two important aspects of muscle in-
fluence on the biodynamic response of the human body: 1) Influence of the muscle force,
and 2) Influence of the muscle mass. Happee and Thunnissen (1994b) implemented their
muscle model in a simplified mathematical model of the head-neck complex. With these
models they estimated that muscles can reduce the maximum angle of head flexion by up to
50% in a frontal impact at a speed of 50 km/h and peak acceleration of 15 g.

In summary, several mathematical modelling studies have indicated that muscles can
significantly decrease maximum flexion angle and maximum angular acceleration of the head,
even in relatively severe impacts. However, four important aspects of muscle influence on the
head-neck complex kinematics in impacts have not been explained enough in neither
experimental nor mathematical modelling studies. The first aspect is that it has not been
assessed at what level of impact severity the muscle effect becomes negligible. The second
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aspect is that the knowledge how the nervous system controls the muscles in a car crash
remains unclear. So far the stretch and visual reflexes have been the main consideration in the
literature (Pontius and Liu, 1976; Happee and Thunnissen, 1994a). On the other hand,
Szabo and Welcher (1996) found that the neck flexors and extensors exhibit similar onset
times of the muscle activity in rear impacts. It corresponds to the centrally generated
response rather than to the stretch reflex. The third aspect is that the muscle can be modelled
in many different ways. There is no unique “standard” structure of a muscle model. The
current study is focused on two kinds of models: 1) Hill-type models, and 2) A purely phe-
nomenological model which assumes that muscle is a dynamic system of given order.
Furthermore, the original concept by Hill (1938) is a lumped parameter model, which does
not have direct connection with a real muscle structure. The elements of such a model can be
identified with elements of muscle in many different ways, which results in various structures
of Hill-type muscle models (Hatze, 1981; Winters and Stark, 1985; Pandy et al, 1990;
Winters, 1990; Giat et al. 1994; Happee and Thunnissen, 1994a). So far the sensitivity of the
overall response of models of the human body segments to the structure of muscle models
has not been analysed in impact biomechanics. However, studies of daily-life and sports acti-
vities have indicated that the results of modelling of musculoskeletal motion are sensitive to
the complexity of the muscle model (Audu and Davy, 1985). The fourth aspect is that the
muscle effect varies between individuals because of differences in strength of the neck
muscles.
The present study is an attempt to analyse in more detail these four aspects of the muscle
role in impacts. A parameter study of a simplified model of the head-neck complex with
muscle elements is proposed here as a method for such analysis. This parameter study at-
tempts to answer the following questions:
® How much do muscles affect the kinematics of the head-neck complex at different impact
severity and for different reflex time?

o How dependent is the calculated influence of the muscles on the reflex time, and on an as-
sumed initial tension in the muscles?

® Does the calculated influence of the muscles depend on the structure and parameters of the
muscle models?

e How much does the calculated influence of the muscles depend on the static strength of
the neck?

1.2 Methods

1.2.1 Models
Head-neck model

The aim of the current analysis is to perform a parameter study of the muscle effect.
Such a study requires high number of computer runs to investigate the muscle effect for vari-
ous values of different parameters. In this case computation time of each run is a critical
factor. Therefore the authors developed only a simplified two-dimensional multibody model
of the head-neck complex. The model is shown in Figure 1, and it is described in detail in
Appendix 1. It consists of two rigid links: the head link and the neck link. The links are con-
nected by two hinge joints: the neck link-torso joint, and the neck-head link joint. The head
flexion/extension angle was defined as the angle in the plane of impact between the head link
and the vertical axis fixed to the sled. The bases for modelling of the head-neck complex as a
system of two rigid links were formulated by Wismans and Spenny (1984) and Wismans et al.
(1986, 1987).

In the current study, all translational degrees of freedom of the head-neck complex were
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left out, and only the “rotational kineto-static equilibrium”" of the head-neck complex was
considered, see Egs. (A1)—(A2) in the Appendix 1. The muscle effect was represented with
torques generated by muscles about the neck-torso and head-neck joints. Thus, the torque
about each joint consists of three components: the torque developed by muscles, the resistive
torque related to passive stiffness, and the resistive torque related to passive damping.
Torques developed by muscles were calculated with an assumption that the muscles’ moment
arms do not change with movements of the head and neck. This assumption greatly simplifies
the computational algorithms, and it makes possible to easily calculate a muscle elongation
from a joint angular displacement. The latter is crucial to obtain input parameters for the
muscle models, because the literature data on muscle characteristics are given in two forms:
1) as a muscle force—length relationship and 2) as a muscle torque—joint angle relationship
(Winters and Stark, 1985; Winters and Stark, 1988; Winters et al. 1988). It is difficult to the-
oretically evaluate how much does the assumption about constant moment arms of muscles
affect prediction of the muscle effect in frontal car collisions. However, in the authors’ opin-
ion this assumption cannot significantly influence results of the current study. First of all, the
moment arms of neck extensors do not change very much when the neck is flexing. Further-
more, the neck flexors do not play a significant role in resisting movements of the head and
neck in frontal impacts. Therefore changes of the moment arms of flexors are not so impor-
tant for the current study.

The complex system of the head-neck muscles was simplified and represented with three
groups of flexors and three groups of extensors, see Figure 1 and Table 2. Maximum iso-
metric torques/forces of muscles were calculated from the literature data. Total maximum

Occipital
condyle

T4 acceleration

Neck link

Sled

mﬁ

Figure 1 The current model of the head-neck complex with muscle elements
(curved lines). (a) Model with muscle elements (curved lines), see also
Table 2. (b) Definition of flexion angles. Positive angle is flexion;
negative one is extension. m; and m, are the lumped masses of the
neck and head, respectively; I; and I, are the mass moments of inertia
of the neck and head, respectively. T, is the first thoracic vertebra.

Torso

"The authors realise that this term may not be precise enought. It is used to emphasise that only the
rotational degrees of freedom were taken into acount, and therefore only the joint torques were con-
sidered as generalised forces in equations of motion.
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Table 2 Muscle elements from the model shown in Figure 1. Each muscle ele-
ment from the model represents lnmped effect of the muscles specified
in the column “Muscles”.

Muscle Element Mauscles
1 splenius cervicis, semispinalis cervicis, longissimus cervicis,
levator scapulae (partly)
2 longissimus capitis, semispinalis capitis
3 trapezius (upper part)
4 scalenus
5 longus capitis, longissimus capitis
6 sternocleidomastoideus
a) LOWER JOINT b) UPPER JOINT
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Figure 2 Passive resistive joint torques. (a) Torque about lower joint, i.e. neck-torso joint. (b) Torque
about upper joint, i.e. head-neck joint. Positive values of angle mean flexion; negative—
extension.

isometric torques developed by the system of the neck muscles were estimated from the
studies by Morehouse (1959), Mertz and Patrick, (1971) and Mayoux-Benhamou et al
(1989). Maximum static torque generated by flexors was assumed to be 50% lower than the
maximum static torque generated by extensors (Morehouse 1959; Mertz and Patrick, 1971).
Maximum force developed by a given muscle was calculated as a value proportional to the
physiological cross-section area of the muscle. Physiological cross-section areas of the neck
muscles were estimated from the data summarised by Yamaguchi et al. (1990). Passive stiff-
ness of the neck-torso and the head-neck joints are based on the data by Bowman et al
(1984) and Wismans and Spenny (1984), see Figure 2. Damping coefficient of the head-neck
joint is based on the results by Bowman et al. (1984).

Initial values of the neck-torso angle 6; and the head-neck angle 6, strongly influence
dynamic response of the head-neck complex. In the current study, position of the head-neck
complex prior to impact was treated as a constant. Initial values of 6; and 6, were selected to
be 18° and —16°, respectively. The basis for this selection is that these values were identified
by Wismans et al. (1986) as average initial angles in the Naval Biodynamics Laboratory
(NBDL) frontal impact tests.
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The influence of muscle force on the maximum angle of the head flexion was analysed
by investigation of changes of this angle caused by muscle action during 0.2s of frontal im-
pact. The following parameter was used as a measure of the relative influence of muscle force
on the maximum angle of head flexion

Dw=£%m, €)

where ¢ is the maximum angle of the head flexion when the active function of the muscles is
left out, and @, is the maximum angle of the head flexion when the active muscle force is
generated.

Reflex time and neural control

In the present study, the reflex time 7,,p,, was defined as the time between the T, ac-
celeration onset and the initiation of neuromuscular reaction. Thus, the impact pulse was in-
terpreted as the stimulus. This definition yields the following form of the neurocontroller
input signal u:

u=0 r= Treﬂex
u=1 t> Treflex . (2)

The signal u is the input to equations which describe the dynamics of the neuromuscular exci-
tation and the dynamics of the muscle active state (Winters and Stark, 1985, 1988):

dN,

T,. U N, and 3)
dN,

To—gg = Ne= N, 4)

where N, is the neuromuscular excitation, N, is the muscle active state, T,, is the time
constant of excitation, and T, is the time constant of activation, see Figure 3 and Figure 4.
According to Winters and Stark (1988) the activation and excitation time constants are in the
range of 0.005<7,<0.020s and 0.02<T7,,<0.05s, respectively. Based on these data the
authors estimated 7,=0.01s and 7,,=0.035s for the neck muscles. In the current analysis,
the original excitation-activation equations by Winters and Stark (1985, 1988) were modified
with an assumption that the muscle active state is never lower than the minimum value 4,,;,
(Hatze, 1981; Pandy, 1990):

NamzAmin+(1 _Amin) Na (5)

where N, is the muscle active state after introducing the minimum value of the active state.
Eq. (5) makes it possible to avoid singularities when solving the dynamic equations of muscle
for low levels of the muscle active state. In the present study, A,,;, was assumed to be equal
0.005 which is a value proposed by Hatze (1981).



Modelling of Muscle Influence on the Kinematics of the Head-Neck Complex in Impacts 163

Neurocontroller
Input
O<u<l

Excitation |EMG| A tivation Mauscle
—® Tne — Ta ™ Force

Figure 3 Simplified scheme of the excitation-activation dynamics. EMG is an
electromyographic signal. Based on Winters and Stark (1988).
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Figure 4 (a) Neural control signal-time history. (b) Muscle active state-time history, i.e. solution of
Egs. (3)—(5).

Muscle models

In the current study, the muscles were simulated by Hill-type models and a purely phe-
nomenological model which treats muscle as a dynamic system of a given order, see Figure 5.
Mathematical formulae to describe these models are presented in Appendix 2.

Structures A—D in Figure 5 are the Hill-type models. The structure A consists of con-
tractile element and parallel element, and it describes muscle as a force generator within
passive tissues. The structures B, C and D contain a series elastic element. In the structure C
series elasticity of the muscle is separated from series elasticity of the tendon. From a mathe-
matical point of view the main difference between the simple structure A and more advanced
structures B, C, and D is that equations for dynamics of the structures with a series elastic
element contain time derivative of muscle force. Whereas the muscle force of structure A is
described with algebraic equation. The structure B is based on the studies by Winters and
Stark (1985, 1988); the structure C is based on the study by Pandy et al. (1990, 1995). In the
structure D muscle mass is taken into account. The series elastic element in this structure is
interpreted as the tendon. Passive damping was implemented in the structure D to damp os-
cillations caused by the muscle mass. The muscle model with the muscle mass is described
with second order ordinary differential equations. The structure D is based on the studies by
Giat et al. (1994) and Shue (1995). Functions and parameters which determine the be-
haviour of Hill-type muscle models are based on the studies by Yamada (1970), Morgan
(1977), Winters and Stark (1985), Winters and Stark (1988), Pandy er al (1990), and
Schneck (1992).
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Figure 5 Structures of muscle models used in the present study. Structures A,
B, C, and D are Hill-type models. Structure E is a purely phenomeno-
logical “black box” model. CE is the contractile element, SE is the
series elastic element, PE is the parallel elastic element, SE,, is the
series elastic element of the muscle, and SE, is the series elastic
element of the tendon, M is the muscle mass, « is the neurocontroller
input signal, x is the muscle elongation, and F is the active muscle
force.

The model with structure E is based on purely phenomenological concepts which assume
that a skeletal muscle is a dynamic system of second or greater order (Dabrowska and
Kedzior, 1985; Kedzior and Lackowski, 1992). In the current study, a model of the second
order was used. So far the model by Dabrowska and Kedzior (1985) has been applied only in
the analysis of isometric muscle work when the passive function of muscle can be disre-
garded. The authors modified the model by Dabrowska and Kedzior (1985) by implementing
a passive force component. The model E does not have any relation to a structure of a real
muscle. It can be considered to be a “black box” with output interpreted as the muscle force.

Impact pulses

The trunk was neglected in the current study. For this reason a horizontal acceleration of
the first thoracic vertebra T, was used as a loading pulse. The assumption that the T, acceler-
ation can be regarded as a load of the head-neck system has been widely used in the lit-
erature, e.g. Bowman er al,, (1984), Bosio and Bowman, (1986), and Wismans ef al. (1986).
The T; acceleration-time histories used in the present study are based on published results of
the frontal crash tests conducted on volunteers at the Naval Biodynamics Laboratory
(NBDL). In the NBDL tests, subjects were seated in an upright position on an accelerator
and exposed to short duration accelerations simulating frontal, oblique and lateral impacts.
The resulting motions of the volunteers head and T, were monitored by accelerometers and
photographic targets. The NBDL experiments have been described and analysed in detail in
many references, e.g. Wismans et al. (1986), Wismans et al. (1987), and Wismans et al.
(1994).

Programming and numerical methods

The programming was performed by means of Mathematica 2.2.2 software (Wolfram,
1993). The equations of motion of the head-neck model and dynamic equations of muscles
were solved by using standard NDSolve procedure from the Mathematica software. NDSolve
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uses Adams predictor-corrector method to solve non-stiff systems of ordinary differential
equations, and Gear’s method for stiff problems (Keiper, 1992). Computations were done on
SUN SPARC 20 workstation.

1.2.2 Parameter study of muscle influence
Influence of muscles at different impact severity and for different reflex time

Three impact pulses were used to analyse influences of muscles at different impact
severity, see Table 3. Pulses 712 and 730 correspond to mean values of horizontal T, ac-
celeration-time histories in the NBDL frontal impact tests at peak sled acceleration 6 g and
15 g, respectively. Pulse 770 is based on an upper bound of T, horizontal acceleration in the
NBDL frontal impact test at 15 g. This pulse was used to simulate a very severe impact.

Table 3 Characteristics of impact pulses used in the current study.

Peak Sled Peak T, Symbol Description Reference
Acceleration | Acceleration in text
6 | mg | 2 | Memauhon | Alensd Bovnan (1956
15¢ 30¢ T30 | Severe otunteer s | Figure 5,15 page 03
15¢ 70¢ T70 E}ggelope of volunteer E\l’;suril:rgs) ;; gé. g1987),

Eight values of the T, ranging from 0 to 0.2s were used at each impact pulse, see
Table 5. T,.p.,=0 corresponds to the situation when the nervous system reacts immediately
after an impact onset. A reflex time lower than 0.06 s can be regarded to be a “fast” reaction
of the nervous system. Since only initial 0.2s of the impact were analysed for the impact
pulses 730 and 770, T,... = 0.2s corresponds to the situation when no muscle action is per-
formed during the impact. At the impact pulse 772 the head flexion angle reached maximum
after 0.2s. For this reason 0.3s of an impact were analysed for this pulse. In this case
T,eiex = 0.3 s was used to model the situation when no muscle action is performed. The choice
of values for the reflex time is based on results of the previous literature review (Wittek and
Kajzer, 1995).

Influence of reflex time and initial muscle tension

The influence of the reflex time on the response of the model of the head-neck complex
was analysed in more detail at the impact pulse T30. The time histories of the head flexion
angle, the head angular acceleration, and the muscle force calculated for different reflex times
were compared.

When the nervous system receives warning information before impact, the muscles can
be activated at a high level in an initial impact phase to restrain injury-causing movement of
the head-neck complex. Three sets of initial conditions were used to analyse the influence of
initial tension. In the first set TENS50, the initial tension in the flexors was assumed to be 0.5
of the maximum isometric muscle force F,,,,, and the initial tension in the extensors was cal-
culated to satisfy the equilibrium condition of the head-neck complex. In the second set
TENSSO0E, the initial tension in the muscle (2), see Figure 1, was assumed to be 0.8F,,,
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while the initial tension in other muscles was A,,;,Fy.- In the third set TENS80, the initial
tension was assumed to be 0.8 F,,,, in all the muscles. In the sets TENSSOE and TENSS80, the
equilibrium conditions were not satisfied, and the muscle tension forced the head-neck com-
plex to move backward. The authors have found no relevant data in the literature to analyse
the influence of initial muscle tension. The assumptions just presented are based on an arbi-
trarily choice by the authors.

Influence of structure and parameters of muscle models

The influence of the structure of the muscle model was analysed at the impact pulse
T30. The reflex time was selected to be zero. Time histories of the head flexion angle and the
muscle force were calculated for five structures of the muscle models, and then they were
compared. The structures of the muscle models are shown in Figure 5.

The influence of the parameters of the muscle model was investigated for the Hill-type
model with structure B. This structure was selected to be a reference structure of the muscle
model for two reasons. First, this structure has been widely used in the literature and many
parameters for this structure have been determined (Winters and Stark 1985, 1988). Second,
it requires less computation time than the more complex structure C. The influence of the
following parameters was analysed: maximum shortening velocity of the contractile element
Vmar» Shape parameter of the force—strain characteristics of the series elastic element Cgg,
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Figure 6 Characteristics of Hill-type model with structure B for different parameters. (a) Series element
force for different values of Cgg, (b) Parallel element force for different values of PE,,,,
(c¢) Force—velocity relation for different values of MV,,, and (d) Force—muscle velocity rela-
tion for different values of v,,,,. Fis the muscle force, v is the muscle velocity and F,,, is the
maximum isometric force.
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strain of the parallel elastic element at the maximum isometric force PE, ., and parameter
MYV, which describes how many times the force during active lengthening is asymptotically
greater than the isometric force.

In the current study the strain of the parallel elastic element is calculated in the reference
to the optimum muscle length. The optimum length is the length at which generation of the
active muscle force is the most efficient. Some basic effects of the muscle model parameters
on the behaviour of the muscle model are shown in Figure 6. The reference values of the pa-
rameters were based on the average of the literature data (Winters and Stark, 1985; Winters
and Stark, 1988; Lehman, 1990). The lower and upper bounds were slightly out of the range
of the literature data, see Table 4.

Table 4 Test matrix for analysis of the influence of the muscle model parameters.

Parameter Lower bound Reference value Upper bound
Csr: (Figure 6a) 0.3 - (reference value) 2.0 3 - (reference value)
PE,,, (Figure 6b) 0.3 - (reference value) 0.8 of the optimum reference value
muscle length
MV, (Figure 6c) 1.0 1.3 1.8
Vimax (Figure 6d) 0.3 - (reference value) 0.8 m/s 3 - (reference value)

Influence of the static neck strength

In the current study, the static neck strength was defined as the maximum static torques
generated by the muscles about the neck-torso joint and about the occipital condyles. Based
on the literature review, the following data on the maximum static torques were selected for
investigation of the influence of the static neck strength:

1) 30 Nm for neck extensors and 15 Nm for head extensors;

2) 65 Nm for neck extensors and 30 Nm for head extensors;

3) 100 Nm for neck extensors and 50 Nm for head extensors.

Maximum torque of neck extensors equalled 30 Nm can be regarded as a low value which
corresponds to elderly persons. Whereas a value of 100 Nm corresponds to young, well-
trained subjects. Data from point (2) are an average of the literature data, and they were
selected to be reference values.

Test Matrix

Tests for the analysis of the influence of different factors on the muscle effect result in 76
computer runs. They are summarised in Table 5.

Head-neck model validation

The head-neck model was validated by comparison of the calculated head flexion angle
and the head angular acceleration-time histories with the envelopes of the NBDL experimen-
tal results presented by Wismans ez al. (1987). Direct validation of the calculation of muscle
force was not possible because of lack of the experimental data on muscle tension.
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Table 5 Test matrix for analysis of influence of different factors on the calculated effect of muscles on
the response of the head-neck model.

Analysed factor Values for analysed | Number Summary
parameter of runs

12g,30g 70 g Horizontal acceleration of T, from

Impact severity for . NBDL volunteer tests at 6 gand 15 g

different reflex time %%eaggl.slf}:bgg » 130, 24 sled acceleration. Analysis was done
for structure B of muscle model.
Analysis was done for the muscle

Reflex time 882 :’ 88% :’ 8(1)3 SS’ 8 model, with structure B. The head-

0125 020s neck complex was loaded by impact
: > puise T30.

Influence of initial tension was

Initial tension in 05F  08F 5 investigated for the muscle model with

muscles structure B. The head-neck complex

was loaded by impact pulse 730.

Analysis was done at loading pulse
see Figure 5 32 T30. Five structures of the muscle
model were investigated.

Structure of muscle
model

Parameters of muscle model were

3 investigated for the muscle model with
structure B. The head-neck complex
was loaded by impact pulse 730.

Parameters of muscle
model: see Table 4
Vimaxs CSE; PEmax7 MVmI

Neck-torso joint Influence of static strength was
Static strength of the 30, 60, 100 5 investigated for the muscle model with
neck [Nm] Head-neck joint structure B. The head-neck complex

15, 30, 50 was loaded by impact pulse 730.

1.3 Results

1.3.1 Influence of muscles at different impact severity and for different reflex time

Influence of muscles on response of the head-neck model greatly decreased when the
impact severity increased. The maximum angle of the head flexion was reduced by up to
65% at the impact pulse 712, and only by about 20% at the impact pulse 770, see Figure 7
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Figure 7 Head flexion angle-time histories at different impact severity and for different reflex time.
(a) Load pulse T12. (b) Load pulse 730.
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Figure 8 Influence of muscles on the head flexion angle as a function of the reflex time at different im-
pact severity. (a) Relative changes of the maximum angle of head flexion (parameter Diff).
(b) The maximum angle of head flexion.

and 8. At impact pulses 730 and T70 relative influence of muscles dropped to a value lower
than 15% when 7,4, was greater than 0.12 s, see Figure 8.

Influence of reflex time and initial muscle tension

When the reflex time was lower than 0.04 s, muscles decreased the maximum angle of
head flexion by about 40% at the impact pulse 730, see Figure 8a and Figure 9a. However,
the maximum angular acceleration of the head was reduced by muscle tension only by about
10%, see Figure 9b. Thus, the peak value of the head angular acceleration was probably
more affected by characteristics of an impact pulse itself and passive properties of joints than
by forces generated by the muscles.

For the reflex time greater than 0.10 s the maximum force in extensors was calculated to
be lower than 0.8F,,,,, and relative influence of muscles was lower than 20%. Furthermore,
the force in extensors quickly dropped after the first peak, see Figure 10. In consequence,
muscles could not significantly affect kinematics of the head-neck complex for high values of
the reflex time.
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Figure 9 Results for impact pulse 730 for different values of the reflex time. (a) Angle of head flexion
(b) Angular acceleration of the head.
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Figure 10 Muscle-force time histories for different reflex time. (a) Muscle 1 (extensor). (b) Muscle 4
(flexor). Force is normalised to F,,,.
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Figure 11 Influence of initial muscle tension on the head-neck model response (a) Angle of head
flexion and (b) Force in muscle 2.

High initial tension in muscles did not reduce the maximum angle of the head flexion in
comparison to the initial conditions with the initial tension calculated as A,,;,F,, and
T,olex=0, see Figure 11. High initial tension in extensors led to large extension of the head in
relation to the neck. In consequence, the head angle-time histories exhibited negative values
in the initial phase of the impact, see Figure 11a. The results just described are compatible
with the findings by Bosio and Bowman (1986) who suggested that large head extension in
the NBDL experiments can be related to muscle action.

Influence of structure and parameters of muscle models

Significant differences were found in responses of the head-neck model with muscles
modelled by Hill-type models and the muscles modelled by a “black box” model of the sec-
ond order. The latter exhibits more “inertial properties” and requires longer time to generate
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Figure 12 Influence of structure of the muscle model on head flexion angle-time histories (left side) and
muscle force-time histories (right side) for different reflex times. Structures of the muscle
model are shown in Figure 5. (a) Reflex time 0s. (b) Reflex time 0.04s. (¢) Reflex time
0.12s.

a high muscle force, see Figure 12. In consequence, the maximum angle of head flexion was
greater for the “black box” muscle model than for the Hill-type models.

Responses of Hill-type models with series elastic element and without series elastic ele-
ment were slightly different. In the models with the series elastic element the muscle force
went up more slowly in the beginning of an impact, and then increased more steeply than in
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the model without series elastic element, see Figure 12. This phenomenon is related to the
exponential relation between force and elongation of the series elastic element. When the
elongation is less than about 0.01 of the muscle length at rest, the force in the series elastic
element is very close to zero. When the elongation continues, the force quickly increases, and
reaches a value of the maximum isometric force at elongation corresponding to about
0.03—0.05 of the muscle length at rest.

The results from the model with the muscle mass, structure D, did not significantly differ
from the other models, except muscle force-time histories for long reflex time. The muscle
model with mass exhibited oscillations when the reflex time was greater than 0.1, see Figure
13. For the reflex time shorter than 0.06—0.08 s, the muscle stiffness was relatively high in
the initial phase of the impact, which prevented the model from oscillations with a large am-
plitude, see Figure 14. An effect of a muscle mass depends on passive damping of the
muscle, and increased when the mass was heavy. Comparison of the results for the total mass
of the neck muscles equalled 0.5 kg and 5 kg is presented in Figure 13. The mass of 0.5 kg is
an average value based on the literature data (Pitman and Peterson, 1989), and it corre-
sponds to the mass of about 0.1kg for each muscle element. With this value oscillations of
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Figure 13 Influence of the muscle mass on the muscle force-time histories and the model kinematics for
the reflex time 0.12s. (a) Muscle force-time histories of extensor 2. (b) Head angular

acceleration.
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Figure 14 Muscle force-time histories of the model with total mass of the neck muscles 0.5kg for
different reflex times. (a) Results for extensor 2. (b) Results for flexor 4.
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the muscle model were not strong enough to affect kinematics of the entire head-neck com-
plex. The value of 5 kg was selected arbitrarily to represent very heavy muscle mass. With this
value oscillations of the muscle model strongly affected the angular acceleration-time his-
tories. The authors have found no experimental data to evaluate to what extent the oscilla-
tions reported here correlate with the behaviour of real muscle. At this stage of the study of
muscle effect in impacts it can be concluded only that the results of mathematical modelling
can be strongly affected by a magnitude of the muscle mass.

Analysis of influence of muscle model parameters indicate that for high values of Cgp
muscle-force time curves were slightly shifted towards the right on the time-axis, see Figure
15b. The reason for this shift is that the stiffness of series elastic element greatly decreases for
low values of Cgg, see Figure 6a. Since a muscle elongation is the sum of the elongation of the
series element and the contractile element, the elongation of the contractile element decreases
when the stiffness of the series elastic element is low, see Eqs. A2.12—A2.16 in the Appendix
2. In general, the head angle-time histories were not sensitive to Csz. Variation of Cgg by 10
times resulted only in a 5% difference in the maximum angle of head flexion, see Figure 15.

The current results show that the maximum shortening velocity v, can relatively
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Figure 15 Influence of Cgz. (a) Head flexion angle-time histories and (b) Muscle force-time histories
for different values of Csg.
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for different values of v,,,,.



174 A. Wittek and J. Kajzer

strongly affect muscle force-time histories. Influence of v, was the most evident in the
initia] phase of impact, see Figure 16. The explanation is that v,,,. significantly affects the
force-velocity characteristics when the muscle performs concentric work. Such concentric
work can be performed by extensors during first 0.01s of impact when the impact pulse T30
does not reach high values. Since the calculated peak value of muscle force only slightly
changes with v,,,,, variation of v,,,, by 10 times exerted only a 20% influence on the maxi-
mum angle of the head flexion.

The peak value of force generated by the muscle during its eccentric work is propor-
tional to the parameter MV, see Figure 6¢. In the current study frontal impacts only were
analysed. In frontal impacts, the behaviour of the neck extensors is dominated by the eccen-
tric work. In consequence, the peak value of muscle force increased, and the maximum angle
of the head flexion decreased when MV, increased, see Figure 17.

For low values of PE,,,, the calculated passive force reaches significant values at low
muscle elongation, see Figure 6b. In the current study, the peak value of the muscle elonga-
tion was about 0.5 of the muscle length at rest. At this level of elongation muscle force
reached unrealistically high values when the assumed PE,,,, was less than 0.3—0.35 of the
optimum muscle length, see Figure 18.
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Figure 17 Influence of MV,,. (a) Head flexion angle-time histories and (b) Muscle force-time histories
for different values of MV,,,.
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Influence of static neck strength

Effect of muscle force on the maximum angle of head flexion was almost linearly de-
pendent on the static neck strength, see Figure 19. Maximum angles of the head flexion were
36°, 53°, and 73° for the maximum static torques of the neck extensors 100 Nm, 65 Nm, and
30 Nm, respectively.

Results of validation

The envelope of the head flexion angle-time histories calculated in the present study well
correlates with the NBDL experimental results by Wismans et al. (1987), see Figure 20. The
current model of the head-neck complex well predicts the peak angle of the head flexion. On
the other hand, the current results differ from the NBDL results in two important points:

a) HEAD ANGLE - STATIC STRENGTH b) MAX. HEAD ANGLE - STATIC STRENGTH
80+ ] f ] 75 E
[ |=—g—-30 Nm /-e\ 70 A E
60 f..|—=2 =65 Nm \ \\
[ | %= 100 Nm ——— ) 65 -+ N _3_
40 2. ' USSR NGURRRER OSSO SO WO ]

/
/;

P T
[ Z 3
20+ /-‘ ]

O» R

Head angle [deg]

Max. head angle [deg
(22
o

.20 |
0 0.04 0.08 0.12 0.16 0.2 30 40 50 60 70 80 90 100
time {s] Static neck strength [Nm]

~
o
|

!

w
%3

Figure 19 Influence of the static neck strength at impact pulse T30. In this figure, the term static neck
strength is referred to the maximum static torque of extensors. (a) Head flexion angle-time
histories for different values of the static neck strength. (b) Maximum angle of head flexion
as a function of the static neck strength.
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1) Lower bound of the present time histories of the head flexion angle exhibits negative
values; and 2) The peak angular acceleration is slightly lower in the present study than in the
NBDL experiments, see Figure 20. The differences just described are related to five impor-
tant simplifications of the current model of the head-neck complex.

First, the rotation of the first thoracic vertebra during impact was neglected. Second,
complex structure of the neck was modelled as a single rigid link. Third, the head-neck model
has only rotational degrees of freedom. The translational displacements of the first thoracic
vertebra were disregarded. Fourth, characteristics of loading pulses, mass properties of the
head-neck model, characteristics of the passive joint torques, and initial position of the head-
neck complex were estimated here as the average values of the literature data. Such an
estimation is deficient to predict the whole envelope of biodynamic responses of the human
subjects. Fifth, possible differences in the reflex times between flexors and extensors were left
out. It was assumed that all the muscles start to react at the same time, and that they are con-
trolled by the same motoneuron.

1.4 Discussion

The results of the present study indicate that muscles can significantly affect kinematics

of the head-neck complex in 15 g frontal impact when the following conditions are satisfied
simultaneously:
® Peak of T, horizontal acceleration is less than 70 g;
® Reflex time is lower than 60 (80) ms.
When these conditions were satisfied, the maximum angle of the head flexion was decreased
by muscle tension by up to 40%. When the peak of T, acceleration was about 70 g, muscles
were not able to significantly influence kinematics of the head-neck complex, even for very
low values of the reflex time. Peak linear acceleration of T, equalled 70 g corresponds to the
upper bound of the NBDL experiments in 15 g frontal impact. It is reasonable to expect that
the T; acceleration can reach much higher values when the peak of the sled acceleration is
greater than 15 g. Thus, it can be concluded that the muscle effect is negligible in frontal im-
pacts which are more severe than 15 g.

The tendency of the current results agrees well with experimental and simulation results
which have been reported in the literature. Kinematics of the present model of the head-neck
complex exhibits good correlation with the NBDL data by Wismans ez al. (1987), see Figure
20. The level of muscle influence calculated here is close to the experimental results by Mertz
and Patrick (1967, 1971) presented in Table 1, and to the results of mathematical modelling
by Pontius and Liu (1976) and Happee and Thunnissen (1994a). On the other hand, the cur-
rent study shows that muscles do not significantly decrease maximum angular acceleration of
the head, which is contrary to the experimental data by Verriest et al. (1975), who found that
muscle force can reduce the peak value of head angular acceleration by about 40% in 20 g
frontal impact. The authors propose the following explanations: 1) There are differences in
characteristics of impact pulses between the experiments by Verriest ef al. (1975) and the
present analysis; and 2) The study by Verriest et al. (1975) was done on baboons. Hence
their results cannot be directly extrapolated to humans.

The results of the current study indicate that kinematics of the head-neck complex
strongly depends on the assumed initial tension in muscles. Therefore pre-impact activity of
the neck muscles should be taken into account in the analysis of the muscle effect on the
kinematics of the head-neck complex in a car crash.

The muscle force-time histories calculated in the current study do not strongly depend
on structure of the muscle model. Significant differences were found only between Hill-type
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models and “black box” model of the second order. The “black-box” model needs longer
time to generate significant force, which affects the kinematics of the head-neck model. There
were also some differences in response of the Hill-type models with series elastic element and
without series elastic element. However, differences between various kinds of the Hill-type
models were not strong enough to significantly affect structural response of the model of the
head-neck complex. The influence of structure of the muscle model reported here is much
lower than the influence calculated by Audu and Davy (1985). Their study has shown that
results for the muscle model with series elastic element differ strongly from those for the
model without series elastic element. One explanation could be that Audu and Davy (1985)
analysed kinematics of kicking, and their findings cannot be extrapolated to transient loads.

The current results suggest that the structural response of the head-neck model does not
strongly depend on most parameters of the muscle models. The shape parameter of force-
elongation characteristics of the series elastic element Cg; exerted only a minor influence on
the muscle force-time histories. This finding is consistent with the results of Winters and
Stark (1985) who found that results of modelling of fast ballistic movements of the human
extremities exhibit a very low sensitivity to Cgz. The maximum shortening velocity of the
contractile element v,,,, does not significantly influence head angle-time histories. However,
as this parameter directly affects muscle force-time histories, it is reasonable to expect that its
influence would increase at low impact severity. Both the kinematics of the head-neck com-
plex and the muscle force-time histories were relatively strongly affected by the parameter
MYV,, which represents force during active lengthening of the muscle in relation to the
isometric force. Thus, the present study shows that the force—velocity characteristics can be
relevant in the analysis of the muscle response to transient loads. Similar findings have been
reported by Winters and Stark (1985) and Winters et al. (1988) in the analysis of response of
the elbow system to transient loads.

The static neck strength was identified as a biomechanical parameter which has the
strongest effect on the calculated influence of muscles on the head-neck complex kinematics.
The calculated maximum angle of head flexion was almost linearly dependent on the static
neck strength.

There are some important limitations of the present results. First, the current model of
the head-neck complex underestimates angular acceleration of the head. Second, calculation
of muscle force was not directly validated because of lack of the relevant experimental data.
Despite the limitations just described the results of the current study are compatible with the
experimental literature.

In summary, the present study indicates that muscle effect may be negligible at impact
pulses which are more severe than 15 g and for reflex times greater than 100 (120) ms. The
calculated influence of muscles was not very sensitive to the structure and the parameters of
the muscle model. Significant differences were found only between Hill-type models and the
“black box” model of the second order. Only the static neck strength and the parameter
which represents force during active lengthening in relation to the isometric force were identi-
fied as the parameters which can have a strong influence on the calculated effect of muscles.
Those two parameters determine directly a maximum force of the muscle model. Therefore
their strong effect on simulation results can be predicted even intuitively.

Thus, the authors suggest that the parameters and the structure/complexity of the
muscle models are not the key points in the analysis of the muscle effect on the kinematics of
the head-neck complex in a car crash. However, it is necessary to realise that the validity of
the current conclusions is limited to the models which treat the muscle as a one-dimensional
actuator with point mass. Such models have important disadvantages. For instance, they are
deficient to realistically analyse the effect of the muscle mass. They also lack accuracy in
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description of a contact between muscles and the skeleton, which can lead to errors in calcu-
lation of moment arms of muscle forces about the joints. Therefore in-depth investigation of
the muscle influence on the head-neck complex kinematics necessitates to develop a more
advanced structural model of the neck muscles and the model of the head-neck complex with
accurate geometry. In the authors’ opinion, the finite element analysis is a suitable tool for
such a development.

Since the system of the neck muscles consists of several layers of muscles which are
located at different distances from the skin, information about activity of the muscles which
are distant from the skin can be needed in a validation of a refined finite element model of
the head-neck complex. So far the surface electromyography technique has been used in the
analysis of the neck muscles activity in a car crash, e.g. the study by Szabo and Welcher
(1996). This technique applies electrodes which are placed on the skin. It is deficient to as-
sess the activity of muscles that are distant from the skin. Therefore the authors suggest that
the fine wire electromyography may be necessary in order to obtain in more detail data on
the activity of the muscles in a car crash.

The most important technical limitation of the current study is that the Mathematica
software was used as a programming and simulation tool. The Mathematica software makes it
possible to efficiently program and perform calculation of different mathematical problems. It
has not been optimised to solve specific problems. In consequence, for the calculations per-
formed in the current study the computation times were relatively long, and the internal
memory requirements were high. For these reasons the Mathematica is deficient in develop-
ment of an advanced model of the head-neck complex with a refined structure and geometry.
Such a development necessitates to use specialised simulation tools, such as transient dyna-
mics explicit finite element codes, e.g. PAM-CRASH (ESI, 1996) or DYNA3D (Hallquist,
1992).

Thus, the authors propose that further in-depth analysis of the muscle effect in impacts
should be focused on the following topics: investigation of possible influence of the muscle
mass, development of refined structural model of the head-neck complex and the neck mus-
cles, and experimental study on the activity of the neck muscles in a car crash. The authors
propose that the modelling part of such an analysis can be performed with commercial finite
element codes for simulation of transient dynamics problems, and the experimental part can
be performed with the fine wire electromyography technique. Development of Hill-type finite
element model of a skeletal muscle is discussed in Chapter 2.

Chapter 2. Development of a Hill-type Finite Flement Muscle Model for Investigation
of the Human Body Response Under Transient Load

2.1 Introduction

Commercial finite element (FE) codes facilitate development of models of the human
body and the human body substitutes with accurate geometry (Fredriksson, 1996). On the
other hand, such codes lack material models which can capture whole spectra of complex
responses of skeletal muscles and other living tissues subjected to transient loads. For this
reason, several attempts have been made to develop highly specialised codes which enables
modeling of active function of skeletal muscles under transient loads, e.g. Pontius and Liu
(1976), Williams and Belytschko (1983). Since such codes are developed primarily for
scientific purposes, they often lack compatibility with commercial software currently used by
car manufacturers. Therefore the possibility of their industrial application is limited. An
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alternative solution is to implement material models of living tissues in commercial codes
used in a field of car crash safety. Such a solution makes it possible to use the same simula-
tion tools for modelling of both the car structure and the human body.

Dynamic analysis of mechanical systems can be performed with various kinds of FE
software which use different methods to solve equations of motion: explicit, implicit and
modal methods. In the field of car crash safety, explicit FE codes, such as LS-DYNA3D
(Hallquist et al., 1991), PAM-CRASH (ESI, 1996) and RADIOSS (Mecalog, 1994), are the
most common. In the current study, the PAM-CRASH code was selected as a software tool
for the implementation of a muscle model.

A skeletal muscle can be mathematically analysed with various kinds of models which
strongly differ in their complexity, e.g. phenomenological models that treat muscle as a dy-
namic system of a given order (Kedzior and Lackowski, 1990), Huxley cross-bridge model
which is based on biophysiology of muscle contraction (Huxley, 1957, Huxley, 1969, Huxley
and Simmons, 1971), and Hill-type muscle models (Hill, 1938, Winters, 1990). In the cur-
rent study, the Hill-type model was selected for the implementation in PAM-CRASH. This
selection is based on the previous literature review which has shown that the Hill-type models
are much less complex than the Huxley-type models, and simultaneously they are capable of
capturing the essential features of activated muscle behaviour (Wittek and Kajzer, 1995).

The goal of the current investigation is to implement a Hill-type muscle model in explicit
transient dynamics FE code PAM-CRASH. Furthermore, we analysed responses of that FE
muscle model to transient loads and we performed some basic tests to investigate the model
reliability.

2.2 Methods

2.2.1 Mathematical formulae for Hill-type finite element muscle model

The muscle model by Hill (1938) is only a conceptual idea, and its elements cannot be
assigned to particular anatomic structures with any certainty. This results in various structures
of the Hill-type models and differences when identifying their parameters. Several examples
of different structures of Hill-type models were analysed in Chapter 1 and in the previous
literature review (Wittek, 1995). Based on this analysis, the Hill-type model with the struc-
ture of Figure 21 was selected for the implementation in PAM-CRASH code. This model is

CE
PE SE
< ~B
DE DSE
T
|
Muscle Tendon

Figure 21 Hill-type muscle model used in the current implementation
of the FE muscle model in PAM-CRASH. DSE is damping
of the series elastic element.
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directly based on the model D of Figure 5 of Chapter 1. The model of Figure 21 consists of
the following elements: contractile element CE which simulates active muscle force, parallel
element PE which accounts for the muscle passive function, parallel damper DE which simu-
lates viscoelastic properties of the muscle, series elastic element SE and damping of the series
elastic element DSE. In this model, the series elastic element is interpreted as a tendon. The
model of Figure 21 was selected for implementation in FE code for two important reasons:

1) Results presented in Chapter I of the current report indicated that such a model well
simulates the crucial features of skeletal muscle behaviour, such as an effect of series elas-
ticity, force—velocity and force—length characteristics. Simultaneously, computational
cost of this model is relatively low.

2) The model shown in Figure 21 can be easily separated in two distinct types of finite
elements: muscle with contractile element CE and tendon SE. This, in turn, simplifies nu-
merical implementation of this model in FE codes.

The only one structural difference between the model D of Figure 5 and the model of
Figure 21 is that in the latter SE damping is taken into account. The reason for taking into
account the SE damping in the current formulation of a FE muscle model is that an analysis
of the human body response to transient loads requires to model muscle behaviour at a high
rate of deformation. Thus, even low damping coefficient of SE can have an important effect
on the muscle model response. In the model of Figure 21, the muscle mass is determined by
the element mass defined in input file.

Formulae for contractile element

In the current formulation of the muscle model, the muscle force is calculated with the
following equations:

Fygs = Na(t)FCE(x> V) + FPE(x) + FDE(V) and (6)
Fep(x,v) = Fi(x) FV(V) R 7)

where F,, is the total muscle force, N, is a function which determines the muscle active
state, Fg is thé force in the contractile element of fully activated muscle, Fp is the force in
the parallel elastic element, Fj is the force in the parallel viscous element, F;is the function
which determines the relation between active muscle force and muscle elongation x, and F, is
the function which determines the relation between active muscle force and velocity of
muscle elongation/shortening v.

Mathematical expressions for F;, F,, Fpg and their parameters are based on equations
presented by Winters and Stark (1985, 1988) which describe muscle characteristics in terms
of joint angular displacement. These equations were modified by the authors in order to ex-
press muscle behaviour in terms of muscle elongation and velocity of elongation/shortening,
which is more suitable for FE modelling.

The active muscle force—length relation is calculated here with the following formula:

/ 2

_ |
Fl(x) - Fmax exXp Qh ’ (8)

where F,,, is the maximum isometric muscle force, /is the muscle fibre length, /), is the opti-
mum length of the muscle fibre, and C,, is a shape parameter which determines concavity of
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the muscle force—length characteristics, see Figure 22. [, is defined as the fibre length at
which generation of the muscle force is the most efficient. In the current study, /,, is ex-
pressed as a ratio of the muscle fibre length at rest g,

Force—velocity characteristics are defined here as the relation between the maximum

muscle force and instantaneous rate of the muscle length change when a muscle is fully acti-
vated at its optimum length:

0 forv, =< —1

for—1 <y, =0

F,(v)=
) Co ©)

where v, is the muscle elongation/shortening velocity normalised to the maximum shortening

velocity V..., V, = ;‘—)—; Cspore 18 the shape parameter for muscle shortening; C,,, is the shape
max

parameter for muscle lengthening; and C,,,, is the parameter which determines the ratio of ul-
timate force during active lengthening to the isometric force at full activation, see Figure 23.
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Figure 22 Active muscle force—length characteristics for different values of C,.
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Figure 23 Active muscle force—velocity characteristic.
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According to Winters and Stark (1985) Cg,,,,=0.1 for muscles that contain high number of
slow fibres, and C,,,,,=~0.5 when the number of fast fibres is high. More accurate values for
C,0re Can be obtained with the equation of Winters and Stark (1988):

Cy=0.1+0.4Cp,, (10)

where Cp,, is the fraction of fast muscle fibres in a given muscle. C,,, is usually measured to
be in a range of 1.3—1.5 (Winters and Stark, 1985). Maximum shortening velocity can be
calculated with the formula of Winters and Stark (1988):

Vinax = 20 [$ '] + 8L [57'] Crage - (11

Simplified formulae for estimation of v,,,, were presented (Herzog, 1994) who proposed that
for muscles with high number of slow fibres

Viax = 6L, [s '], and (12)
for muscles with high number of fast fibres

Viax = 1615, [s '] - (13)
Formulae for parallel element

In the present muscle model, force in the parallel elastic element Fpg is calculated with
the equation of Winters and Stark (1985):

— Fmax CPE _L — ) .
FPE eXp(CPE) -1 { © ( PEmax ( lfib 1) 1 ’ (14)

where Cpg is the shape parameter of the force—elongation characteristics of the parallel
elastic element PE, and PE,,,, is the elongation of the parallel element at F,,,, expressed as a
ratio of [, see Figure 24.
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Figure 24 Passive muscle force—length characteristic.
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Force in the parallel damper F is given by the formula:
Fpg= kpgv, (15)
where kpy is a damping coefficient.

Formulae for series elastic element/tendon

In the current formulation of the Hill-type muscle model, the series elastic element SE is
interpreted as a tendon. In the literature, force—elongation curve of a tendon is usually
divided in two regions: non-linear and linear (Carlstedt and Nordin, 1989, Giat et al., 1994).
In the present study, the non-linear tendon force—elongation properties were calculated with
an exponential relation proposed by Winters and Stark (1988). The final form of formulae
for calculation the tendon force—elongation relationship is:

Fmax
exp(Cye) — 1
For = xp(Csk)

€Xp (%%Eﬁi ) -1 } forxSE = Xeiast
‘max

(16)

kSE (-xSE - xelast) + F elast f Or Xsg > Xelasts

where Fg is the tendon force, xg; is the tendon elongation, SE,,, is the tendon elongation at
F,. Cggis the shape parameter of the tendon force—elongation characteristics, kg is the
tendon linear stiffness, x,,, is the tendon elongation beyond which the force—elongation
characteristics are linear, and F,,,, is the tendon force at x,,,. SE,.., and x,,, are given as a
ratio of the tendon slack length /. The slack length is the length beyond which the tendon
develops force. kg is calculated with the following equation:

kSE CSE F max exp ( CSE Xelast ) . (17)

- SEmax eXP( CSE) -1 SEmax

From the literature data it can be estimated that SE,, is about 0.03—0.05 [, (Winters and
Stark, 1988), and x,,, is about 0.01—0.02 [, (Pandy et al, 1990, Giat et al., 1994).
Sample results calculated with Egs. (16)—(17) are shown in Figure 25.
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Figure 25 Tendon/SE force—elongation characteristic.



184 A. Wittek and J. Kajzer

Neural control and reflex time

Subroutines for PAM-CRASH code developed here facilitate two ways to define the
time of start of the neuromuscular reaction:
1. The start time — defined as the time lag T,.g,, between the start of simulation and the time
when the neuromuscular reaction is initialised. This time lag is arbitrarily defined by the
user, and the neurocontroller input signal u has the form:

0 RS Treﬂex
u =
1 > T - (18)

2. The start time — defined by selection of a sensitivity level of stretch receptors located in
muscle spindles, which enables to model a stretch reflex. In the current study, this sensitiv-
ity level was defined as a threshold of the muscle elongation x,,,. With this definition the
neuromuscular reaction cannot be initialised when the muscle elongation is lower than
X Thus, the neurocontroller input signal u is

0 XcE = xm’g or t= Treflex
u =
1 XcE > Xirig and t> Treflex . (19)

The signal u is the input to equations which describe the dynamics of the neuromuscular
excitation and the dynamics of the muscle active state. In the current study, the excitation-
activation equations of Winters and Stark (1985, 1988) are used. These equations were dis-
cussed in detail in the first part of the present report, see Egs. (3)—(4) in Chapter 1. Since in
the current formulation of FE muscle model signal u was assumed to be either 1 (activated
muscle) or 0 (non-activated muscle), there exists. analytical solution of the excitation-activa-
tion equations:

Ainit f ort= Treﬂex

(Aim't - 1) (Ta - Tne) B Tne Tne

N, (=3 1+
a( ) L Treflex t— Treflex
(Ta - Tne) €xXp "———T;— (Ta - Tne) exp T—ne

fOI‘t > Treflex > (20)
where N, is the muscle active state, A,,;, is initial value for the muscle active state, T, is the
time constant of excitation, and T, is the time constant of activation. When a muscle is not
activated at the beginning of simulation, A,,; equals the minimum value of the muscle active
state A,,;,- According to Hatze (1981) A,,;,,=0.005. T, and T,, can be calculated with the
formulae proposed by Winters and Stark (1985, 1988):

Tne = C1 + CZmCslow (21)

2
Ta = Bl + BZm(Cslow) > (22)

where T,, and T, are given in seconds, C,;=0.025s, C,=0.010s, B;=0.005 s, B,=0.0005 s,
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m is the muscle mass in grams, and C,,,, is the fraction of slow muscle fibres. Egs. (21)—(22)
yield values from 0.02 s to 0.05 s for T,,,, and values from 0.005 to 0.020 s for 7.

Equilibrium of muscle-tendon unit

The current formulation of FE muscle model makes it possible to calculate initial elonga-
tion of the muscle x.; and the tendon xg; to satisfy the static/isometric equilibrium of the
muscle-tendon unit for a given initial value of the muscle active state. This requires to solve
the system of two non-linear equations:

A Fep(xcps v=10) + Fpg(xcg) = Fsp(Xsg)

Xce + Xsg = O 5 (23)

where Fcp, Fpp, and Fgg are calculated with Egs. (6)—(17). System of equations Eq. (23) is
solved with the Newton-Raphson method (Press et al., 1992a, Press et al., 1992b).

2.2.2 Software implementation of finite element muscle model

All subroutines for calculation of muscle and tendon force were written in FORTRAN
77 as modules for PAM-CRASH software library. The flow chart of the subroutine that cal-
culates muscle force is shown in Figure 26.

INPUT

elongation,
velocity of elongation

Yes Muscles Triggered No
by Stretch Reflex
|
No Yes No Yes
| XCE<=Xtrig, —__Gﬁ?g_
r : \
No Yes A i
[

i
Calculation of Ng: N.=A;: :
Eq. (20) a atinit
1 Y + ]
Calculation of active Calculation of passive
-muscle force Fog: muscle force Fpg and
Egs. (6)-(9) Fpge: Egs. (14)-(15)

L__¢¢___J

Calculation of the total muscle force
Fumus=Fce+FPetFDE

Figure 26 Flow chart of the subroutine for muscle force calculation.
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INPUT

* abscissa value
No

Yes

Data in tabulated form

Location of 04in abscissa Computation of ordinate with
vector by bisection method pre-defined equations

Start hunting from position 0
with increment 1

Done hunting

Yes Hunting sucessful

Abscisa value bracketed | I Double increment |_

Final bisection of the
bracketed interval

7
l Position of abscissa value located l

.
| Y

Setting the current position| | Computation of ordinate
M as a starting position for value by interpolation
new search

Figure 27 Flow chart of the subroutine which uses “hunting” algorithm to calculate
characteristics of a muscle model from tabulated data.

All the parameters to Egs. (8)—(20) have to be specified by the user in an input file. It
should be noted here that Eqgs. (8)—(20) are based on typical formulae commonly used in the
literature, which may not be enough to fit specific features of given muscle behaviour under
transient loads. For this reason the current software implementation of FE muscle model
enables an optional input of the model characteristics in a tabular form, see Figure 27. Tabu-
lated input data are linearly interpolated, and the “hunting” algorithm with correlated values
is used to search the tables (Press et al., 1992a, Press et al., 1992b).

2.2.3 Model validation

The muscle model was validated by comparison of the calculated muscle force-time his-
tories with the experimental results of muscle isometric contraction by Bahler et al. (1968)
and with the results of fast lengthening of a muscle by Kirsch et al. (1994).

The experiments by Bahler et al. (1968) were performed on gracilis muscle from white
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male rats. Rats were anaesthetised, and the gracilis muscle was freed from neighbouring mus-
cles and removed together with a portion of the tibia and pubis bones. The muscle was
loaded with the system consisted of a light-weight lever and an electromechanical torque
source. Muscle force was measured with a cantilever transducer that was deformed by the
muscle. The muscle was supramaximally stimulated by electrodes which set electric field per-
pendicular to the longitudinal muscle axis.

The experiments by Kirsch et al. (1994) were done on soleus muscle from anaesthetised
cats. The muscle was separated from the surrounding tissue, and its distal end was attached to
a force transducer. Rapid “step” stretches with a speed of up to 110.9 mm/s and amplitude
of up to 1.6 mm were applied to the muscle.

In simulation of both described above experiments, the muscle-tendon unit was mod-
elled with five elements: three elements of a muscle type and two elements of a tendon type,
see Figures 28 and 29, respectively. All characteristics for the muscle and tendon models
were determined with functions defined by Egs. (8)—(17).

constrained constrained
node node

Tendon Tendon
é o —o—so
Muscle

Figure 28 Set-up of the simulation test for investigation
of behaviour of the current FE muscle model
during isometric contraction.
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Figure 29 (a) Set-up of the simulation test for investi-
gation of behaviour of the current FE muscle
model during “step” stretch. (b) Velocity—
time curve for definition of the velocity
boundary condition. The velocity curve is
based on the paper by Kirsch et al. (1994).
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Validation against isometric and “step” stretch tests may not be enough to prove that the
current muscle model can be effectively used to analyse muscle effect on biodynamic re-
sponse of the human body segments in car collisions. Therefore the authors used a simplified
model of the head-neck complex in a frontal impact in order to investigate behaviours of the
muscle model under more realistic conditions. The present head-neck model consists of one
extensor muscle modelled with 5 finite elements and two rigid links: torso link and head-neck
link, see Figure 30. Thus, the joint between the head and neck was disregarded, and the
head-neck model has only one rotational degree of freedom. The current head-neck model is
based on the model developed by Happee and Thunnissen (1994a), and it can be treated as a
simplification of the model used in Chapter 1. Horizontal acceleration of the first thoracic
vertebra T, was used as a load of the head-neck complex, see Figure 30. The T, acceleration
pulse corresponds to a frontal impact with an initial velocity of 50 km/h and peak accelera-
tion of 15 g. This pulse was taken from the application examples of MADYMO multibody
code for crash victims simulation (TNO, 1996). In order to investigate the muscle model be-
haviour under different conditions of the muscle active state, the following circumstances
were analysed: 1) A=A and T,.3,,=0.04s; 2) A=A, and T,pp,=0; 3) Muscles re-
laxed during impact, i.e. N, is constant and equals A,,,; and 4) Muscles triggered by the
stretch reflex with A=A pin, Xyig=0.051,,, and T,.4,,=0.04s. So far the authors have found
no relevant experimental data on the human cervical muscle force in impacts. For this reason
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Figure 30 Simplified model of the head-neck complex for validation of the
current FE muscle model and an acceleration—time curve for
simulation of an acceleration field. The curve was taken from the
MADYMO manual (TNO, 1996).
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the current tendon and muscle forces-time histories were compared with the experimental
results on electromyographically derived force of a dog’s spinal neck muscle presented by
Tennyson et al. (1977). In their experiments anesthetised dogs were subjected to vertical ac-
celeration of 5 g. Thus, conditions of those experiments differ from the current simulation of
the frontal impact. For this reason the data by Tennyson et al. (1977) can be used only for
qualitative comparison with the results calculated here. Another important limitations of the
current procedure for validation of the muscle model are that it disregards the skin stiffness
and contact between muscles and the skeleton, which may lead to large displacements of the
muscle elements’ nodes when the head-neck model is subjected to an acceleration field.
Moreover, disregarding the contact between muscles and the skeleton and assuming that a
skeletal muscle has a form of a straight line can result in inaccuracies when calculating the
muscle elongation and moment arms of the muscle force about joints.

2.3 Results

Muscle force-time histories calculated here and the experimental results by Bahler et al.
(1968) are compared in Figure 31. This figure shows that the current model of a skeletal well
muscle well predicted the behaviour of the rat gracilis muscle during isometric contraction
with supramaximal muscle activation since the present modellingresults differ from ex-
perimental data in less than 10%.

Figure 32 shows muscle force-time histories obtained in the present study and the
experimental data by Kirsch et al. (1994) on muscle “step” stretch. The current model of
skeletal muscle correctly predicted that an initial region where the muscle force rapidly in-
creases is followed by the region where the force declines, and that the force after decline is
never lower than the initial force level, see Figure 32. Furthermore, the calculated peak value
of the muscle force was very close to the value measured by Kirsch et al. (1994). On the
other hand, the current results differ from the experimental data by Kirsch et al. (1994) in
three important points: 1) The present force-time curves of the muscle force decline more
rapidly than in the experiments; 2) The calculated level of the muscle force after a decline is
lower the one measured by Kirsch et al. (1994); and 3) The muscle model exhibits force os-
cillation with low amplitude and relatively high frequency, see Figure 32b.

One possible explanation for fast decline of the force can be that in the current for-
mulation of the Hill-type model, the force—velocity characteristics were assumed to be

a) ISOMETRIC CONTRACTION: MODEL b) ISOMETRIC CONTRACTION: EXP.
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Figure 31 Isometric contraction of a rat gracilis muscle. (a) Results obtained with the current muscle
model. (b) Experimental curve based on Bahler et al. (1968).
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a) STRETCH OF SOLEUS MUSCLE: SIMULATION b) STRETCH OF SOLEUS MUSCLE: EXPERIMENTS
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Figure 32 “Step” stretch of cat soleus muscle. (a) Results of the current study. (b) Experimental resuits.
Adapted from Kirsch et al. (1994). Oscillations in the experimental curve are caused by
stimulation of the soleus muscle with a frequency of 60 Hz.

history-independent, see Eq. (9). Thus, the force yielding phenomenon was disregarded,
which may lead to inaccuracies when predicting the behaviour of cat soleus muscle during
transient lengthening (Winters, 1990). Furthermore, exact data on the optimal muscle length
L,y Of cat soleus are not available from the paper by Kirsch et al. (1994). The authors esti-
mated the cat soleus /,, from the literature data on the human muscles (Hoy et al., 1990).
Such estimation introduces inaccuracies, which can affect calculation of the muscle force.
High frequency oscillation of the muscle force-time histories are directly related to applica-
tion of the finite element method to solve dynamics of Hill-type muscle model. Finite element
Hill-type model can be considered to be a lumped-parameter system which consists of non-
linear springs, dampers and nodal masses. When such a system is perturbed from its equili-
brium by a rapid stretch, it oscillates according to its eigen-modes. It is also likely that oscilla-
tions of the muscle force were amplified by the force—velocity characteristics. The slope of
these characteristics rapidly changes when the muscle deformation velocity crosses zero,
which makes muscle force calculation very sensitive to the velocity changes.
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Figure 33 (a) Tendon force-time histories of the neck extensor computed in the current study. (b) Electro-
myographically derived force of canine spinalis cervicis obtained by Tennyson et al. (1977).
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Figure 34 Muscle force-time histories computed with
the current muscle model for different reflex
times.
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Figure 35 Kinematic responses of a simplified model of the head-neck complex
at 0.050s, 0.110s, and 0.142s.

Results obtained with the simplified model of the head-neck complex indicated that the
calculated tendon force-time histories correspond in form to the electromyographically
derived force obtained by Tennyson et al. (1977), see Figure 33. On the other hand, the
muscle force-time histories exhibited strong oscillation, see Figure 34. Amplitude of these
oscillations greatly increased for long reflex times, which is similar to the effect observed for
the multibody formulation of the muscle model with the lumped mass, compare Figure 13.
An important factor contributing to the strong oscillation of the muscle force was “violent”
forward and backward movement of the neck extensor, see Figure 35. This violent movement
resulted from inertial forces. Its amplitude was high since there was no contact between
muscle elements and the neck in the current head-neck structure.
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2.4 Discussion

From the present study it can be concluded that the current muscle model gives re-
sponses close to the experimental results under both isometric contraction and transient loads
conditions, see Figures 31 and 32. The model correctly predicted the rapid increase of force
during transient stretch and the decline of force after the stretch. However, the calculated
rate of the force decline and the force value after that decline slightly differed from the ex-
perimental data by Kirsch et al. (1994). The authors hypothesise that those differences could
result from disregarding muscle force yielding phenomenon in the current muscle model.

Therefore in more detail investigation of muscle effect on the biodynamic response of
the human body in car collisions may require to take into account yielding phenomenon and
to modify mathematical formulae for the current finite element muscle model. Such modifica-
tion can be done with the “attachment” concept of Winters (1990) who proposed to distin-
guish between the muscle active state and the number of attached calcium-troponin bonds.
Since the number of attached bonds is proportional to the muscle capability to generate
force, Winters (1990) replaced the muscle active state N, with attachment A4,

Fu(Nosv) = Foef N,) — F,(A,v), and (24)
Fep(%,v,8) = Ag(£) Fi(x) F,(v) (25)

where F,, and F,, are activation and attachment functions, respectively; F is the contractile
element force; F, is the yielding function; x is the muscle elongation; and v is the velocity of
the muscle shortening/lengthening. Winters (1990) proposed the following formulae to cal-
culate F,:

¥y

0.5 .
v kF,+ F, ) N,

> — —EE | 1+ =4 v> v,
tF,+ F,= ( vmax) ( k+1 N, , (26)

0 v,

%

7=—" 27
1+ 5% D

where 7 is the time parameter of yielding function, 7, is the value of 7 at v=0, N, is a rate of
change of the muscle active state, Namx is the maximum rate of change of the muscle active
state, k is a constant, and v, is the critical velocity of muscle lengthening which determines
the yielding point. While simulating muscle force yielding, Eqs. (26)—(27) should be com-
bined with Egs. (18)—(20). In consequence, the order of the muscle model increases. For this
reason, the authors propose to perform a parameter study of Egs. (26)—(27) in order to in-
vestigate how much these equations affect the computation time and complexity of the
muscle model. Results calculated with the simplified finite element model of the head-neck
complex in a frontal impact showed that force-time histories of the neck extensor tendon well
correspond in form to the electromyographically derived force obtained by Tennyson et al.
(1977) and to the results computed with the multibody model of skeletal muscle presented in
Chapter 1, see Figure 33 and 36. Therefore it can be concluded that the current finite ele-
ment model of a skeletal muscle yields, at least, reasonable responses under impact condi-
tions.
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Figure 36 Comparison of the neck force-time histories
calculated with the multibody and finite ele-
ment formulations for the muscle model.
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Figure 37 Comparison of the neck extensor force-time
histories calculated with the models which
consist of only one and three elements of
muscle type.

The disadvantage of the current formulation for finite element muscle model is that it led
to strong oscillations of the force in finite elements of a muscle type. As it has been already
mentioned in the results section, there are three factors which cause these oscillations. The
first factor is that the current extensor model consists of five finite elements which can vibrate
according to their eigen-modes when they are perturbed from their equilibrium by rapid
movements of the head-neck model in the acceleration field of a frontal collision. Accord-
ingly, oscillation of the muscle force strongly decreased when the extensor muscle was simu-
lated with only one finite element of a Hill-type, see Figure 37.

The second factor which contributed to the muscle force oscillation is a force—velocity
relationship. For the current muscle force—velocity characteristics, the change of the muscle
lengthening velocity from 0.5v,,,, to —0.5v,,,, results in decrease of the muscle force from
about 1.2 to 0.3, see Figure 38a. Therefore even a small variation of the muscle deformation
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velocity from lengthening to shortening strongly affects the muscle force magnitude. A direct
evidence that muscle force—velocity characteristics are an important cause of the current
muscle force oscillations is presented in Figure 38b. This figure shows that oscillations of the
muscle force were greatly decreased when the force—velocity characteristic was simplified
with a constant value 1, i.e. F,(v)=1.

The third cause of the neck extensor force oscillations observed here is that kinematic re-
sponses of the current model of the head-neck complex exhibited violent movements of the
muscle elements’ nodes, see Figure 35. These movements resulted from inertial forces. Large
movements of skeletal muscles and internal organs are observed when volunteers and cadav-
ers are subjected to an acceleration field, e.g. Schroder (1997). Since there was no contact
between muscles and skeleton in the current model of the head-neck complex, and the skin
stiffness was disregarded, the movements’ amplitude was higher than the one observed in the
experiments.

It should be noted that oscillations of the muscle force discussed here can only slightly
influence results of mathematical modelling of muscle effects on kinematic responses of the
human body in a car collision. Results of such modelling primarily depend on calculation of
the tendon forces which directly act on the human body segments. Figure 33 shows that the
current tendon force-time histories yield relevant results. However, elimination or decreasing
oscillations of the muscle force can still improve biofidelity of the current model responses.

The problem is that not all of three discussed above factors which cause these oscillations
can be completely removed. For instance, the muscle model which consists of only one finite
element does not oscillate, see Figure 37. However, such a simplified model has important
limitations. It disregards tendon, which may lead to inaccuracies in calculation of the muscle
force-time histories, see Figure 12. Model of a whole muscle-tendon unit requires to use, at
least, three finite elements: two elements of a tendon type and one element of a muscle type.
Furthermore, several finite elements may be necessary to fit curved shapes of muscles’ force
action lines. Simplification of a complex shape of the muscle force-velocity characteristics as
constant value greatly smoothed the calculated muscle force-time histories, see Figure 38b.
However, such simplification can cause strong inaccuracies when calculating muscle force
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Figure 38 (a) Muscle force—velocity characteristics. Small change of the muscle velocity from shorten-
ing to lengthening can lead to large changes of the muscle force. (b) Muscle force-time
histories calculated with the force—velocity characteristics simplified as a constant value
equalled 1, i.e. F,(v)=1.
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Figure 39 (a) Scheme of kinematic response of the current muscle model
(b) Desired response of the model in which a contact between
muscle and skeleton is taken into account. (¢) Determining a muscle
action line by sliprings.

under transient muscle loads. Therefore the optimal method to minimise oscillations of the
muscle force is to decrease amplitude of violent movements of the muscle elements’ nodes in
an acceleration field. This can be done in two alternative ways: 1) Modelling of contact be-
tween muscles and the skeleton, or 2) Application of sliprings in order to allow muscles to
slip on joints’ surfaces. Furthermore, both of them enable to accurately predict a muscle mo-
ment arm and a muscle force action line, which is necessary for in-depth analysis of the
muscle effect on biodynamic responses of the human body in car collisions, see Figure 39.

Natural way to model contact between muscle and the skeleton is to apply two-
dimensional or three-dimensional muscle elements instead of the current one-dimensional
fibre model. Furthermore, shell or solid muscle models are required for modelling of struc-
tural responses of skeletal muscles. Such models can be developed in PAM-CRASH based
on the current implementation of the Hill-type muscle model.

Application of sliprings would require less effort than development of new two- or
three-dimensional muscle models since they are available in PAM-CRASH as a standard en-
tity for modelling seat-belts. One possible disadvantage of such solution is that sliprings may
introduce a small amount of numerical oscillations to the muscle force (ESI, 1996). These
oscillations will be added to the muscle force oscillations reported in the present study, which
may negatively affect responses of the muscle model.

In summary, it can be concluded that the current one-dimensional muscle model in
PAM-CRASH is suitable for modelling basic features of skeletal muscle behaviour under
both isometric and transient load conditions. For improvement of biofidelity and efficiency of
this model, it is recommended to perform its further development to model contact between
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muscles and the skeleton. A direct way for such development is to apply two-dimensional or
three-dimensional muscle elements instead of the current one-dimensional fibre model.

Summary

The parameter study of the muscle effect on the head-neck complex kinematics de-
scribed in Chapter 1 indicated that muscles can significantly affect the head-neck complex
kinematics in a frontal impact when the following two conditions are satisfied simultaneously:
1) Peak of horizontal acceleration of the first thoracic vertebra is less than 70 g, and 2) Reflex
time is lower than 60 (80)ms. The calculated muscle effect was not sensitive neither to a
structure nor to the most parameters of the Hill-type muscle models. Some differences in re-
sponses were found only between the models with a series elastic element and without this
element. Tendency of the results obtained with the present head-neck model well agreed with
the experimental literature. However, the current simplification of the head-neck complex as
two rigid links and simplification of muscles as one-dimensional actuators with point mass are
deficient for in-depth analysis of the muscle effect on the head-neck complex kinematics.
Such analysis requires to accurately model the head-neck complex geometry, which can be
done by finite element analysis.

Since commercial finite element codes do not enable to model skeletal muscles, the au-
thors implemented a new Hill-type muscle model in PAM-CRASH code. A structure of this
model was selected based on the results of the parameter study. Validation of the current
finite element muscle model indicated that this model captures essential behaviours of a
skeletal muscle under both isometric contraction and transient loads conditions. Therefore
this model can be used as the basis for further development of two- and three-dimensional
finite element muscle models which are recommended here for an in-depth analysis of muscle
effect on the biodynamic responses of the human body in car collisions.

Acknowledgements

The parameter study of the muscle effect on the head-neck complex kinematics de-
scribed in Chapter 1 was begun at the Department of Injury Prevention at Chalmers Univer-
sity of Technology in Gothenburg, Sweden, and it was completed at the Human Life Support
Biomechanics Laboratory at the Nagoya University, Japan. Development of the finite
element muscle model described in Chapter 2 was done at the Human Life Support Bio-
mechanics Laboratory of Nagoya University in cooperation with PAM System International
(PSI) from Rungis, France and Nihon PSI from Tokyo.

The authors thank all those who supported us in this study, and in particular:

Professor Roland Ortengren, head of the Department of Injury Prevention, Chalmers
University of Technology, for valuable discussion and advices;

Doctor David Viano, guest professor at the Department of Injury Prevention, for his
constructive criticism and valuable comments;

Professor Krzysztof Kedzior, head of the Institute of Aeronautics and Applied Mechan-
ics of Warsaw University of Technology, Poland, for his valuable advices;

Doctor Eberhard Haug, scientific director of Engineering System International, Rungis,
France, for his valuable comments and cooperation in development of muscle model in



Modelling of Muscle Influence on the Kinematics of the Head-Neck Complex in Impacts

PAM-CRASH code;

Doctor Xiaomin Ni, PAM-CRASH general software manager, for his help in software
implementation of muscle model in PAM-CRASH code.

Appendix 1: Dynamics of the head-neck model

Nomenclature

O, = lower joint angle

©, = upper joint angle

g = gravity acceleration

m; = neck mass

m, = head mass

I; = moment of inertia of the neck about
the neck center of mass

I, = moment of inertia of the head about
the head center of mass

a; = coordinate of the neck center of mass

a, = coordinate of the head center of mass

[; = neck length

M, = passive resistive joint torque about
the lower joint

M, = passive resistive joint torque about
the upper joint

¢; = damping coefficient of lower joint

¢, = damping coefficient of upper joint

Mo.q; = torque from external load about
the lower joint

Dynamics of the head-neck model

Moeq2 = torque from external load about
the upper joint

M,;; = torque from the extensor i about
the lower joint

M;; = torque from the flexor i about the
lower joint

ne; = number of extensors acting on the
lower joint

nf; = number of flexors acting on the
lower joint

M.,;» = torque from extensor i about the
upper joint

My;, = torque from flexor i about the
upper joint

ne, = number of extensors acting on the
upper joint

nf, = number of flexors acting on the
upper joint

The current head-neck model is a 2-D model which consists of two rigid links connected
by two hinge joints, see Figure 1 and Figure 1A. Equations of motion of this model are:

G, (I + ma” + myl” + 2my L a, cos 6, + I, + mya,”)

+ 52 (m211a2 00802 -+ 12 -+ m2a22) - (2é1 éz + ézéz)(fnzll a, Sin 92)

(A1)

— [mya, sin6; + myl; sin6; + mya, sin(6; + 0,)]g

ne; nf
= Mzoad1 - ei}2= lMei, + fi12= 1Mﬁ,

and

°

- MT! - COl

b, (L+ mya,” + myliay cos6,) + 0, (I, + mya,”) + 6,” (my 1, ay sin 6,)

—myay sin(0; + 6,)§= Mpaq, — ei22= lMeiz +ﬁ

f, . (A2)
) Mfiz —Moee™ 0,

2= 1

Body-segmental parameters of Egs. (A1—AZ2) are shown in Table 1A.
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Figure 1A Head-neck model described by Eq. (A1) and Eq. (A2).

Table 1A Body-segmental parameters used in the current study.

Parameter Value
1, [kgm’] 0.010

I, [kgm’] 0.029
my [kg] 1.200
m, [kg] 4.310
a; [m] 0.060

a, [m] 0.055

{; [m] 0.130

Appendix 2: Dynamics of the muscle models

In all the muscle models used in the present study the length of the muscle tendon unit /
was calculated as a function of a given joint angle:

1[(6)=I,+ Or (A2.1)

where [, is the length of the muscle-tendon unit at rest, g is a joint angle, and r is the muscle
moment arm about a given joint. The lengths /, for the muscle elements were estimated from
the data of Yamaguchi ef al. (1990). They are summarised in Table 2A.

Table 2A Geometrical data for the muscle elements used in the current study.

Muscle element | Muscle-tendon unit | Muscle fibre length | Tendon length

length [, [m] [m] [m]

1 0.15 0.10 0.05

2 0.06 0.04 0.02

3 0.18 0.13 0.05

4 0.15 0.10 0.05

5 0.06 0.04 0.02 .

6 0.18 0.13 0.05
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Structure A — model without series elastic element
The model without series elastic element is described with the following equations:

Fuus(x,v,t) = Feg(x,v,t) + Fpg(X) (A2.2)
Fep(x,v,t) = N,(t) F)(x) F,(v) (A2.3)

where F,,. is the total muscle force, F¢ is the force in the contractile element, i.e. active
force, Fpy is the force in the parallel element, i.e. passive force, N, is the muscle active state
of Eq. (2), F, is the function which describes the relation between active muscle force and
muscle elongation, F, is the function which describes the relation between active muscle force
and muscle shortening/lengthening velocity, x is the muscle elongation, and v is the velocity
of the muscle shortening/lengthening. Mathematical expressions for F;, F,, Fpr and their
parameters are based on the studies by Winters and Stark (1985, 1988):

e  Active muscle force—elongation characteristics

exp ( —( —’f—%j% )2 ) ) (A2.4)

where x,,, is the muscle elongation at maximum isometric force, C,, is the shape
parameter, and F,,, is the maximum isometric force of the muscle;

Fl(x) = Fmax

e  Active muscle force—velocity characteristics

F,(v)=0 forv, <0
Fv(v)=—1—i{:— for—1< v, <0
B Cshorz
F,(v)= . (A2.5)
1+ v, ———C”‘VI
F,(v)= e forv,> 0
1+ 2
Qeng

where v, is the muscle shortening/lengthening velocity normalised to the maximum
shortening velocity V., V., = ;};—; , Cihon 18 the shape parameter for muscle shortening,
Cieng is the shape parameter for muscle lengthening, and G, is the parameter which
determines the ratio of ultimate force during active lengthening to the isometric force at

full activation;
e  Passive muscle force—elongation characteristics

= P
Fee(x) = exp(Cpg)

exp ( P(L;”E x)— 1 ] (A2.6)

where Cpy is the shape coefficient for passive muscle force and PE,,, is the parameter
describing muscle elongation inducing passive force equal to F,,,.
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Structure B — model with the single series elastic element

Mathematical formulae for dynamic behaviour of the model with a single series elastic
element are based on the studies by Pandy et al (1990) and Fung (1993). In the current
model, the pennation angle was neglected. Muscle force is sum of the active and passive force

Fyys= Fcg+ Fpg and (A2.7)
Fep(xcg, Ve, t) = Fsp(Xse) » (A2.8)

where Fgp is the force in the series elastic element and xg is the elongation of the series elas-
tic element, x; is the elongation of the contractile element, vy is the velocity of the series
elastic element, and v is the velocity of shortening/lengthening of the contractile element.

Based on Egs. (A2.8) and (A2.9) the first time derivative of muscle force can be ex-
pressed as

dFy _ dFsg | dFpg

a d 7 ksgvse + kpg Vi (A2.9)

where kpg is the stiffness of the parallel elastic element and kg is the stiffness of the series
elastic element. In the current study, it was assumed that the stiffness of the series elastic ele-
ment and the stiffness of the parallel element are linear functions of force (Winters and Stark,
1988; Fung, 1993), which yields

CPE CPE /P Emax
Y= — 2.
PE_ Fpp+ Foon o (Cop) = T and (A2.10)

_ Cse ' Csg / SE s

kpe(Fpg) =

(A2.11)

where Cpp is the shape parameter of passive force, Cg; is the shape parameter of force in the
series elastic element, PE,,,, is the elongation of the parallel element at F,,,,, and SE,,,, is the
elongation of the series elastic element at F,,,,. Muscle elongation x,,,, is a sum of elongations
of the series elastic element xg; and the contractile elements x.z, which yields

Xpus = Xsg + Xcp (A2.12)
Vaus = Veg + Vsg, and (A2.13)
VSE ™ Vamus — VcE - (A2.14)

Velocity of the contractile element is calculated with the following formulae:

Feg(Xce, Ver, t) _ Fse(Xsg)
N,(t) F(xcg)  Nu(t) F(xcg)

Fy(vee) = (A2.15)

vee=F," (vep) (A2.16)
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Finally, dynamic equation of the muscle model with the single series elastic element are

APy
“dr = ksg(Vaus = Ver) T Kpg Vaus (A2.17)

Structure C — model with separated series elastic element of the muscle and the tendon

The model presented here is based on the study by Pandy et al. (1990). The author sim-
plified the concepts by Pandy ez al. (1990) by neglection of the pennation angle. Derivation
of dynamic equations for this model does not qualitatively differ from the model with single
series elastic element. Elongation of the whole muscle-tendon unit X, is the sum of the
muscle elongation x,,,, and the tendon elongation x7:

XuT = Xptus + Xr= Xgp + XcE + Xr. (A2.18)
The next step in derivation of dynamic equations is to take into account that
Fr= Fyys, (A2.19)

where F; is the tendon force. Then the scheme which was applied to derive Egs.
(A2.6—A2.16) can be used. The final form of dynamic equations of the muscle model with
tendon is:

dFT — kT(kSE + kPE) kSE

@t Topt kop T ke T Tpp o+ Kgp VE) (A2.20)

where k is the tendon stiffness.

Structure D — model with the muscle mass

The model presented here is based on the studies by Giat et al (1994) and Shue (1995).
This model can be regarded to be a modification of Hill classical model by implementing the
muscle mass. The model with mass is described with the following equations:

Fep+ Fpp+ Fpp + MXy, = Fr (A2.21)

Xt = Xpus + X (A222)

where Fp is passive viscous force, M is the muscle mass, X, is the second time derivative of
the muscle elongation. Passive viscous force plays important role in this model, because it
damps oscillations caused by the muscle mass. Passive viscous force equals

Fpr = Kppiyu: (A2.23)

where kpj is damping coefficient of the muscle. k,; was selected to be 50 Nsm™" which is a
value based on the studies by Schneck (1992) and Giat et al. (1994).
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Structure E — “black box” model

This model is based on the assumption that a muscle can be treated as a dynamic system
of the second order (Dabrowska and Kedzior, 1983; Kedzior and Lackowski, 1992):

2 & F(D s
T 2
dt

+ 27

dF(zMuS—l- F(O)pus = u(t) F(x) F(V) + Fpp(x),  (A2.24)

where ¢is time constant of the muscle and u(?) is interpreted as a dimensionless coefficient of
the muscle activation 0 <u<1. When u=0 the muscle is not activated, when u=1 the
muscle is fully activated. t was selected to be 0.025s.
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