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ABSTRACT 

A model of the human head and neck that incorporates muscles with multiple 

attachment point (multipoint) and active and passive force generation, is presented for use 

in the analysis of non-impact loading in high "g" environments. The inclusion of the 

multipoint active muscles is shown to improve the accuracy of the model response to 

impulse loading, especially during the interval that begins approximately 120 ms after the 

application of the impulse. The active muscles have the capability of activating partially 

and in different combinations. The parameters defining the force-length and force-velocity 

relationships used for the active muscles are based on recent experimental data for neck 

muscles, including muscle length, sarcomere length, and physiological cross-sectional area. 

The parameters, which fall within a large range of input selections, are applied to the 

fifteen muscle pairs of the neck. The model is implemented in MAD YMO using lumped 

parameters and Hill muscles. A comparison of simulation results with experimental data, 

generated by the Naval Biodynamics Laboratory, shows excellent agreement for a 

flexion/rebound 15 g impulsive load and a 7 g lateral load. 

The head and neck model with multipoint active muscles is also implemented with 

a computer model of a 50"* percentile male anthropomorphic test device. This full body 

model is subjected to the 15 g flexion impulsive load and also shows excellent agreement 

with the experimental data. 
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CHAPTER 1 

INTRODUCTION 

The types and severity of vehicle collisions range widely and cause a variety of 

occupant injuries, including injuries to the neck. According to the United States National 

Accident Sampling System database, from 1988 through 1994 a total of 1.35 million 

belted (no airbag), front seat occupants suffered neck injuries. Studying the environment 

endured by the human neck in high "g" scenarios is not possible with human test subjects. 

Researchers have been utilizing computer-modeling of the human head and neck system 

since the advent of powerful computers and simulation software tools. Modeling such 

systems, however, is challenging because of the complicated geometry on the overall 

structure and its components, the nonlinear and time-dependent behavior of the 

constituent materials, the rapid and articulated motion of deformable components, and the 

peculiar characteristics of the muscles. Validation of models poses an additional 

complexity because of the limited availability of experimental data with live human 

subjects and the wide variation observed in such data from subject to subject and from 

experiment to experiment. 

Early attempts at modeling and understanding neck response were undertaken to 

study the effect of axial load on the spine sustained by pilots during ejection. The neck, 

represented as a continuous beam, was modeled as a straight, elastic, homogeneous 

material (Hess and Lombard 1958, Liu 1966, Terry and Roberts 1968). Later approaches 

added initial curvature to the spine and tuned the neck beam bending properties with 
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responses from cadaver testing (Li et al 1971, MofFatt et al 1971, and Cramer et al 1976). 

Due to the numerical methods utilized, correlation was limited to small acceleration inputs 

(2g) and very early times after impact (Liu and Von Rosenburg 1974). All of these 

models precluded the effect of spinal musculature. 

As computing power and numerical methods advanced, so did the complexity of 

the head/neck models. Lumped-parameter models, using multibody techniques, were 

developed to capture the more complex articulated motion of the head and neck as a result 

of various directional input accelerations applied to the torso. Even though one-

dimensional, lumped parameter models were developed prior to 1970, the ground 

breaking, two dimensional model was developed by Ome and Liu (1971) followed by the 

first three dimensional models by Panjabi (1973) and Belytscho et al (1973). These 

models utilized rigid bodies, representing the vertebrae and the head, connected by 

deformable elements, representing ligaments and intervertebral joints. These early three-

dimensional models were constructed for demonstrative purposes and were not validated 

for 3D motion. 

Advancements made in numerical methods in the late 1970's by Huston and 

associates (Huston et al 1978, Tien and Huston 1985) were key to validating various 

three-dimensional, lumped parameter models including those by Tien and Huston (1987) 

and Deng and Goldsmith (1987). The behavior of these models was compared to data 

gathered on live volunteers at the Naval Biodynamics Laboratory in the late 1970s (Ewing 

1976, 1978). While these experiments involved live, active muscles, the models 

represented muscles only in the passive state. 
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Two recent models, developed from the Deng and Goldsmith model, have included 

the limited use of active muscles. In 1996, De Jager et ai (1996) reported a model which 

incorporated muscles that activated, in unison, as a group. Muscle deactivation was not 

addressed. The behavior of the model was compared to the NBDL data in flexion and 

was shown to agree with the experimental data envelope from time zero through 200 ms. 

This time frame incorporates full flexion but not rebound. The De Jager model was 

improved fiirther by Van der Horst et al (1997) who introduced muscles with the 

capability to curve around the bending neck. It was shown that the muscles with 

curvature could produce behavior that produced better agreement with the same data. 

Again, muscles were activated in unison and the results covered the period from time zero 

through 200 ms. 

This paper extends this recent work by De Jager and Van der Horst by including 

muscles that activate and deactivate to variable levels based on muscle length and shows 

that agreement can be obtained with the NBDL data in flexion, through 300 ms. The 

muscles are further enhanced by including pretension to the passive portion of the neck 

muscles and a steady-state activation to compensate for the effect of gravity. 

Furthermore, the model described herein, is incorporated into a mathematical model of the 

complete body, and again shows agreement can be obtained with the NBDL data in 

flexion through 300 ms. Previous works had not incorporated a full body model with a 

complex head and neck structure. 

The use of computer models of the human head and neck can assist the researcher 

in the understanding of neck injury. The countless combinations of load magnitude. 
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timing, and direction that can occur in an injury causing event make it difficult to assess a 

given neck injury especially since "... injury is usually not caused by one significant load 

vector but a combination of dynamic events which generate a complex injury mechanism" 

(Harris et al 1986). To understand the limitations of the human neck better, researchers 

have conducted various studies on human volunteer and cadaver subjects . A flexion-

rebound injury assessment of the neck was conducted by Mertz and Patrick (1971) an 

average (live) male for horizontal deceleration at various levels, including a maximum of 

9.6 g. These tests were run to determine the effects produced by varying the mass, 

centroid, and mass moments of inertia of the head by the addition of a helmet. The 

location of the center of mass was varied fi-om above the actual center of mass to below. 

In these dynamic tests, a maximum value of 47.6 Nm was reached in extension without 

residual injury. In flexion, the chin-chest reaction resulted in a maximum equivalent 

moment at the condyles of 88.4 Nm. This exposure produced pain extending fi'om the 

posterior neck to the posterior mid-thorax and resulted in a stiff neck that lasted for 

several days (Mertz and Patrick 1971). 

Human volunteer tests were also run for static strength. In the static tests, 

maximum bending moments of 35.4 Nm in flexion and 23.8 Nm in extension were 

sustained in the tests without residual injury (Mertz and Patrick 1971). There was no 

contribution fi-om the chin-chest contact in the static tests According to Mertz and 

Patrick (1971), the maximum voluntary static neck reaction is about 1130 N in tension and 

1110 N in compression. For shear, the neck can withstand about 845 N. These static 

strength values are low estimates of the neck strength in high "g" environments due to the 
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greater resisting load from the viscous contribution of the muscle reaction (White and 

Panjabi 1990). 

In the Mertz and Patrick (1971) studies using cadavers loaded in the horizontal 

direction, maximum bending moment levels of 177 and 190 Nm were sustained in the tests 

without apparent damage. Also, a maximum anteroposterior force of 2100 N was 

developed at the occipital condyles of one cadaver without producing apparent neck 

trauma. Since the determination of injury was justified only with x-ray analyses, these 

values should be viewed with caution. Not all fractures are visible on x-rays, and ligament 

damage is impossible to identify on radiographic examinations alone (Crowell et al 1987). 

Alem et al (1984) noted a wide range of forces producing cervical spine damage 

and found force to be a poor predictor of injury. However, they found that impulse, the 

integral of force over time, to be a useful predictor of cervical spine injury. In their series 

of 14 axial impacts tests on cadavers, no cervical spine injuries were noted in 5 cadavers 

with applied impulses of 24-35 N-seconds, and cervical spine injuries were noted in 9 

cadavers with applied impulses of 35-49 N-seconds. 

A more recent study by Kallieris et al (1991) related neck injury to the linear and 

angular acceleration of the head. Utilizing fresh human cadavers in 37 simulated collision 

scenarios (frontal and lateral), they determined (by x-ray) that neck injuries of AIS 1 

occurred with a head angular acceleration of 560 rad/s^ or a (resuhant) linear acceleration 

of 13 g, AIS 3 with an angular acceleration of 1320 rad/s^ or a (resultant) linear 

acceleration of 22 g, and AIS 4 with an angular acceleration of 4910 rad/s^ or a (resultant) 

linear acceleration of 39 g. In one case, the cervical spine remained uninjured at an 
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angular acceleration of 2470 rad/s^ or a (resultant) linear acceleration of 23 g. Again, 

utilizing x-rays to determine injury underestimates those at AIS 2 and below (Kallieris et al 

1991). 

This paper does not make any attempt to predict injury based on the kinematics of 

the head. Indeed, the experimental data to which simulation data is compared did not 

come from injury producing events. However, using a validated model, such as the one 

presented in this paper, it is possible to make reasonable assumptions about non-impact 

injuries using kinematic output. 

This paper consists of six chapters including the Introduction. Chapter 2 reviews 

head and spine anatomy and muscle physiology. Chapter 3 reviews analytical approaches 

to head and neck modeling including the models used in these analyses. Chapter 4 

describes the implementation of head/neck and full body models and compares their 

responses to experimental and analytical data for various test conditions including; static 

(upright) position, full flexion, full extension, dynamic flexion, and dynamic lateral 

bending. Chapter 5 states the conclusions and the future directions that can be taken from 

this analysis. 
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The geometiy and mass properties of the head/neck structure is highly complex 

and irregular. Furthermore, terminology used in literature related to the physiology of the 

head/neck structure is unfamiliar to readers with engineering backgrounds. This chapter 

defines and explains various terms associated with head/neck research. Most of the 

information of this chapter is an adaptation of material fi^om Gray (1984), White and 

Panjabi (1990), and Feneis (1985). 

2.1 Position and Motion Terminology 

In this work, the position and motion of body limbs are referred to in traditional 

anatomical terms. Table 2-1 defines these terms and Figure 2-1 illustrates them. 

Table 2-1: Definition of terms of position and direction 

Planes Description 
Median (sagittal) plane 
Frontal plane 

Transverse plane 

Vertical plane that divides the body into right and left halves 
Vertical plane at a right angle to the median plane. It divides 
the body into front and back parts 
Horizontal plane that is at a right angle to the median and 
frontal planes and divides the body into upper and lower parts 
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Table 2-1 (continued): Definition of terms of position and direction 

Position Description 
Medial 
Lateral 
Anterior (ventral) 
Posterior (dorsal) 
Superior 
Inferior 
Proximal 
Distal 

Toward the midline of the body 
Away fi"om the body midline 
Front 
Back; behind 
Toward the head; above 
Away fi-om the head; below 
Toward the attached end of a limb or the center of the body 
Away from the attached end of a limb or the center of the body 

Motion Description 
Flexion 
Extension 
Abduction 
Adduction 
Lateral rotation 
Medial rotation 
Axial rotation 

Decrease of a joint angle between two body parts 
Straightening out a limb; increasing an angle formed by flexion 
Away from the midline 
Toward the midline 
Away fi-om the midline 
Toward the midline 
Revolving about the long axis of the body part 

These anatomical directions can also be described in Cartesian coordinates. 

Various ways of aligning the right-handed Cartesian X, V, and Z axes with the human body 

have been proposed and used. The directions chosen in this paper correspond to the axes 

shown in Figure 2-2 and coincide to the ones used in the validation tests described later in 

this work.. 
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Figure 2-1: Diagrams illustrating the planes of the body and the terms of position and 
direction (adapted, with permission, from Gray 1984) 
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Figure 2-2: Cartesian anatomical coordinate system 

2.2 Anatomical Structure 

The head/neck structure is a complex system consisting of bones and tissues. This 

section examines the anatomical elements of the head and neck including the vertebrae, 

intervertebral joints, ligaments, and muscles. Also presented is the physiology of muscles. 

These anatomical and physiologic references will be cited within the section of 

mathematical modeling. 
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2.2.1 Head 

The current mathematical model represents the head as one rigid body, therefore, a 

detailed description of head anatomy is not needed. It is necessary to understand the 

connection and articulation of the head with respect to the vertebral column, as well as the 

connection of various muscles to the head. For this reason, an inferior view is presented 

in Figure 2-3. Of note are the occipital condyles, convex protuberances which join the 

skull with the superior articular surfaces of the atlas (the first cervical vertebra referenced 

in Figure 2-6); and the nuchal lines, attachment points of various muscles (ref Table 2-4). 

Planum occipital* 

HiQh«si 
nucfiaf (me 

Lambdoid suture 

Focamen 
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OccipiUxn«sto«d 
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Condytor 
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supertnr 

jntcnur 

Figure 2-3: Inferior view of the occipital bone (reprinted, with permission, from Gray 
1984) 
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2.2.2 Spinal Column 

The spinal column is made up 33 irregular shaped bones (assumed to be rigid) and 

is classified into five sections: the cervical (C) spine comprised of seven vertebrae: the 

thoracic (T) spine comprised of 12 vertebrae; the lumbar (L) spine comprised of five 

vertebrae; the sacrum which has five bone segments; and the coccyx which has four bone 

segments (Figure 2-4). The vertebrae are identified by their section and the number within 

the section (e.g. C5). The numeric values are assigned in ascending order fi-om the 

superior to inferior vertebrae within a section. The head can be considered part of the 

cervical spine and is labeled CO. Although there is some variation in the structure of each 

vertebra, the general characteristics are the same for C3 through L5. The typical vertebra 

consists of two essential parts: the body and the vertebral arch (Figure 2-5). 

Circumventing the vertebral arch are seven bony projections called processes: one 

spinous^ two transverse, two superior articulated, and two inferior articulated. The 

spinous and transverse processes project posteriorly and laterally, respectively. They are 

points of attachment for muscles and ligaments. The superior articular processes project 

upward and the inferior articular processes project downward. The articular processes 

serve as contact points between adjacent vertebrae. 

The first and second cervical vertebra (C1 and C2) are unique in shape. The C1 

vertebra, called the atlas (Figure 2-6), consists of a ring of bone without spinous 

processes or a body. Its superior articular surfaces are in contact with the occipital 

condyles of the skull. The C2 vertebra, called the axis (Figure 2-7), has an additional 

projection called the odontoid process (dens) which projects upward 6*001 the vertebral 
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body. This projection fits into the ring of the atlas, forming a pivot about which the atlas 

can rotate in the transverse plane. 

In lateral view, note that the spinal column is not stacked linearly, but with four 

distinct curves: cervical, thoracic, lumbar, and pelvic curves. These curves give the spine 

increased flexibility and augment its shock-absorbing capability. 
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Figure 2-4; Lateral view of the vertebral column (reprinted, with permission, from Gray 
1984) 



28 

anterior tubercle 
of transverse process body 

foramen 
transversarium 

posterior tubercle 
of transverse process 

vertebral 

transverse process 

pedicle 

superior articular 
process 

inferior articular 
process 

spinous process 

superior articular 
surface 

articular pillar 

body 

anterior tubercle of 
transverse process 

posterior tubercle of 
transverse process 

spinous process 

Figure 2-5: Typical cervical vertebra (C3-C7) - top and side view respectively (reprinted, 
with permission, from Gray 1984) 
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Figure 2-6: First cervical vertebra (atlas) - top view (reprinted, with 
Gray 1984) 
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Figure 2-7: Second cervical vertebra (axis) - top and side view respectively (reprinted, 
with permission, from Gray 1984) 
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Vertebrae are typically interconnected and stabilized by four structural elements: 

I) ligaments (including intervertebral discs), 2) facet joints, 3) muscles, and 4) soft tissues. 

The soft tissues (i.e. skin, blood vessels) offer a natural resistance to extreme movement 

but their overall role in head neck motion is considered negligible and will not be further 

reviewed. The CO-C1 joint and the C1 -C2 joint have atypical connections. These joints 

are addressed separately in Section 2.2.3. 

2.2.3 Ligaments and Facet Joints 

Ligaments are tough, fibrous structures interwoven between the vertebrae that 

strengthen intervertebral joints and contain spinal movement. They behave like nonlinear 

springs which are pliant within the "'normal" range of relative motion between a pair of 

vertebrae, but are stiff near the motion limits (Yamada 1970). Ligaments resist tension 

and buckle in compression. 

A list of the ligaments joining the vertebral bodies can be found in Table 2-2. 

Figure 2-8 is a pictorial of these ligaments. Note that the ligaments are typically 

connected to the outside surface of the vertebrae. 



Table 2-2: Ligaments (and cartilage) joining the typical vertebrae 

Vertebral Bodies Vertebral Arches 

Anterior longitudinal 

Posterior longitudinal 

Intervertebral Fibrocartilage (Discs) 

Ligamenta flava 

Supraspinal 

Interspinal 

Transverse (shown on Figure 2-10) 

Capsular 

(fOWTMntum 
. navum J 

Interspinal 

•jJ body y 

Figure 2-8: Median sagittal section of two typical vertebrae and their ligaments (adapted, 
with permission, from Gray 1984) 
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The CO-Cl and C1-C2 joints contain unique ligaments. Table 2-3 lists these 

ligaments and Figure 2-9 depicts their geometry. 

Table 2-3: Ligaments spanning CO through C2 

CO-Cl C0-C1-C2 CI-C2 

Articular capsules, one pair 

Anterior atlanto-occipital 

Posterior atlanto-occipital 

Tectorial membrane 

Alar, one pair 

Apical of dens 

Cruciform 

Articular capsules, one pair 

Anterior atlantoaxial 

Posterior atlantoaxial 

T ransverse 
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Figure 2-9: Ligaments of CO through C2 - dorsal and lateral view (reprinted, with 
permission, from Gray 1984) 
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Intervertebral discs form the principal connective structures between pairs of 

adjacent vertebral bodies. The discs' constitutive behavior is linear, viscoelastic within the 

in situ range-of-motion but is stiff and nonlinear in extreme motions outside the normal 

operating range (Sonoda 1962, De Jager 1996). The intervertebral disc shape conforms to 

the surfaces of those vertebrae between which they are secured, but are slightly smaller 

fi-om side to side in the cervical region. Also in the cervical region, the discs are thicker 

ventrally than dorsally. 

Adjoining vertebrae are also connected by facet joints located on the vertebral 

arch. These joints are formed when the surface of the superior articular process of one 

vertebra overlaps with the inferior articular process of the vertebra above it. Between 

these two surfaces is synovial fluid which allows for low fnction articulation of the joint. 

Consequently, this type of joint is referred to as a synovial joint. In the cervical spine, C2 

through C7, the facet joint forms a 45° angle with the transverse plane (Figure 2-10). 

Facet orientation plays an important role in the magnitude and direction of motion 

permitted between vertebrae. As depicted in Figure 2-11 (White and Panjabi 1990), 

besides the CO-Cl and C1-C2 joints (which are addressed separately below), adjoining 

cervical vertebrae rotate by only small amounts with respect to each other. But, when 

these individual motions are summed, the total range of motion of the spine can be 

considerable. Note that even though vertebrae C2 through C7 are similar in geometry, 

their joints do not necessarily have a similar a range-of-motion. 
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45 anterior 

Figure 2-10: Orientation of the cervical facet joints 
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Figure 2-11: Representative values for rotary range of motion of the cervical spine 

The range-of-motion in the CO-CI and the C1 -C2 joint is different than the 

remaining joints in the cervical spine. This is due to their unique geometry. Vertebrae CO 

and C1 are joined by two synovial joints called the atlanto-occipitals. These joints, one 

located on each side of the atlas, are formed by the concave superior articular surfaces of 

the atlas, and the convex condyles of the occipital bone. The geometry of the atlanto-

occipital joints constrains the motion between CO and C1 to large rotations about the Y 

axis. Vertebrae C1 and C2 are also joined by two joints: the lateral atlantoaxial, and the 

median atlantoaxial. The lateral atlantoaxial joint is formed by the inferior articular 
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surface of the atlas meeting the smooth upwardly directed superior articular surface of the 

axis. The median atlantoaxial joint is formed by 1) the dens of the axis (see Figure 2-7), 2) 

a ring formed by the anterior arch of the atlas, and 3) the transverse ligament of the atlas. 

The geometry of the atlantoaxial joint of C1-C2 allows large rotations about the Z axis. In 

fact, most of the rotation of the head about the Z axis is attributed to the rotational motion 

in the C1-C2 joint. 

2.2.4 Muscles 

From a structural standpoint, muscles act as actuators and nonlinear springs in an 

otherwise passive structure. Muscles have two states, active and passive. In both states, 

their behavior is highly nonlinear and poses serious modeling challenges. A general 

understanding of muscle construction and activation is necessary to interpret the 

parameters to the mathematical model of the muscle. An in depth view of muscle 

structure and mechanics can be found in physiology texts such as Human Physiology 

(Vander 1984). The following is an overview adapted from that text'. 

2.2.4.1 Muscle Physiology 

Muscles utilize chemical energy to produce force and movement through muscle 

contraction. On the basis of structure, contractile properties, and control mechanisms, 

three types of muscle can be identified: 1) skeletal, 2) smooth, and 3) cardiac. Most 

skeletal muscle is attached to bone (via tendons) and its contraction is responsible for 
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supporting and moving the skeleton. The contraction of skeletal muscle is initiated by 

neural impulses and is under the control of the central nervous system. Smooth muscle 

surrounds various hollow organs and tubes. Contraction of smooth muscle may propel the 

luminal contents through the organ, or it may regulate internal flow by changing the tube 

diameter. Cardiac muscle can be found only around the heart and its contraction propels 

blood through the circulatory system. The model defined in this paper uses only skeletal 

muscle, and therefore, this review will concentrate on this type of muscle. 

2.2.4.1.1 Skeletal Muscle Structure 

A single skeletal muscle cell is known as a muscle fiber. Each fiber has a diameter 

between 10 and 100 |4.m and a length that may extend up to 20 cm. The term muscle 

refers to a number of muscle fibers bound together by connective tissue (Figure 2-12). In 

some muscles, the individual fibers extend the entire length of the muscle, but in most, the 

fibers are shorter, often oriented at an angle to the longitudinal axis of the muscle. This 

angle is defined as the pennation angle. These shon fibers are anchored to the connective 

tissue surrounding the muscle fibers. 

Tendons, bundles of collagen fibers, are located at each end of the muscle. They 

link the muscles to the bone at attachments called the origin and the insertion. The origin 

is usually the more fixed and proximal end of the muscle, while the insertion is the more 

movable and distal end (Grey 1985). The designations of origin and insertion are 

' Reprinted with the permission of The McGraw-Hill Companies. Vander, A. and et al, Hmnan 
Physiology: The Mechanisms of Body Function. (1990). The McGraw-Hill Companies. 
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somewhat arbitrary and a matter of convention among anatomists (Grey 1985). The 

muscle attachments may not necessarily be defined at a "point" but may adhere to bone at 

multiple points and to multiple bones. 

Figure 2-12: Muscle fiber within a muscle (reprinted, with permission, fi'om Vander 

Skeletal muscle is also known as striated muscle because, when one of its fibers is 

examined under a light microscope, a series of light and dark bands oriented 

perpendicularly to the long axis of the fiber can be seen. This striated pattern is due to the 

presence in the fiber cytoplasm of approximately cylindrical elements (I to 2 |a,m in 

diameter) known as myofibrils. Most of the cytoplasm is filled with myofibrils, each of 

which extends fi-om one end of the fiber to the other. 

Each myofibril is composed of thick and thin filaments arranged in a repeating 

pattern along its length (Figure 2-13). One unit of this repeating pattern is known as a 

sarcomere. The thick filaments are composed almost entirely of the contractile protein 

myosin, and the thin filaments (about half the diameter of the thick) contain the contractile 

1984) 
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protein actin. The thin filaments also contain two other proteins, troponin and 

tropomyosin^ which inhibit muscle activation and allow for muscle relaxation. 

The space between adjacent thick and thin filaments is filled by projections known 

as cross-bridges, portions of myosin molecules. During muscle contraction, these cross-

bridges make contact with the thin filaments and exert force on them. As such, they 

constitute the force generating sites in the muscle cell. 

MUSCLE RBEH 

MYORBRIL 

Zline ZRne 

i 
SARCOMERE 

-*• 

Z Z Sne 

THICK (MYOSIN) RLAMENT THIN (ACT?N) RLAMENT 

Figure 2-13: Muscle microstructure (reprinted, with permission, fi^om Vander 1984) 
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2.2.4.1.2 Mechanism of Muscle Contraction 

Excitation-contraction coupling, the mechanism of muscle contraction", refers to 

the sequence of events by which an action potential in the plasma membrane of a muscle 

fiber leads to cross-bridge activity. The action potential in a skeletal muscle fiber lasts 1 to 

2 ms and is completed before any signs of mechanical activity begin (Figure 2-14). Once 

begun, the mechanical activity in the plasma may last 100 ms or more. Stimulation of the 

nerve fibers to the skeletal muscle is the only mechanism of activation. 

Muscle Fiber Action Potential 
P m B 

+30 

o 
a- -90 

Muscle Fiber Activation 100 
> 

s 
'-e A > 
'•C 

't' 
Latent period Time (ms) 

Figure 2-14: Relationship between muscle action potential and muscle activation 
(reprinted, with permission, fi-om Vander 1984) 

" The term contraction, as used in muscle physiology', does not necessarily mean "to shorten", but rather 
the movement of the force generating sites (the cross-bridges) in a muscle fiber. 
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When a skeletal muscle fiber is activated by a nerve impulse, the cross-bridges bind 

to the thin filaments and exert a force on them. In order for shortening to occur, the force 

exerted on the thin filaments must be greater than the force opposing the shortening. 

Following contraction, the mechanisms that initiate force generation are turned off, and 

tension generation declines, producing relaxation of the muscle fiber. 

When contraction produces shortening of a skeletal muscle fiber, the overlapping 

thick and thin filaments in each sarcomere move past each other, propelled by movements 

of the cross-bridges. During the movement, there is no change in the lengths of either the 

thick or thin filaments, but in the length of the sarcomere. This is known as the sliding 

filament mechanism of muscle contraction. 

Little information is available as to the events that occur to begin excitation-

contraction coupling. But it is known, that when muscle force is necessary to counteract 

an outside force, a time lapse occurs between when the outside force acts on a muscle and 

when the nervous system responds with the necessary neural impulse to a muscle(s) to 

counteract the force. This time segment is called reaction time. 

2.2.4.1.3 Mechanics of Muscle Contraction 

The force exerted on an object by a contracting muscle is known as muscle 

tension, and the force exerted on the muscle by the weight of an object is the load. 

Muscle tension and load are opposing forces. Whether or not a contraction leads to fiber 

shortening depends on the relative magnitudes of the tension and the load. In order for 
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muscle fibers to shorten, and therefore to move a load, muscle tension must be slightly 

greater than the opposing load. 

When muscle develops tension but does not shorten or lengthen, the contraction is 

said to be isometric (constant length). Such contractions occur when the muscle supports 

a load in a constant position or attempts to move a load that is greater than the tension 

developed by the muscle. A contraction that occurs under conditions in which the load on 

a muscle remains constant but the muscle length is shortening is said to be isotonic 

(constant tension). A muscle undergoes an isotonic contraction when moving a load. 

A third type of contraction is a lengthening one. This occurs when the load on a 

muscle is greater than the tension generated by the cross-bridges. In this situation, the 

load pulls the muscle to a longer length in spite of the opposing force produced by the 

cross-bridges. Such lengthening contractions occur when an object supported by muscle 

contractions is lowered, such as occurs when one sits down fi-om a standing position or 

walks down a flight of stairs. It must be emphasized that in these situations the 

lengthening of muscle fibers is not an active process produced by the contractile proteins 

but a consequence of the external loads applied to the muscles. In the absence of external 

forces, a fiber will only shorten when stimulated; it will never lengthen. All three types of 

contractions - isometric, isotonic, and lengthening - occur in the natural course of muscle 

activity in the body. 

The response of a muscle fiber to a single action potential is known as a twitch 

(Figure 2-15). When a muscle fiber twitches, a few milliseconds elapse (latent period) 

before the tension in the muscle fiber begins to increase. The time interval fi^om the 
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beginning of tension development at the end of the latent period to the peak tension in an 

isometric contraction is the contraction time. Not all skeletal muscle fibers have the same 

contraction times. Some fast fibers have contraction times as short as 10 ms, whereas 

slower fibers may take 100 ms or longer'. The magnitude of the tension generated by the 

action potential is dependent on three mechanical properties; I) the fi-equency of the 

action potentials, 2) the initial length of the muscle fiber, and 3) the rate of loading 

(velocity of loading). 

Latent period 

-•( Contraction lime 

80 too 120 140 20 40 60 0 

T Single actKX) Time(ms) 
I potential 

Figure 2-15: Isometric twitch (reprinted, with permission, fi-om Vander 1984) 

A single action potential in a skeletal muscle fiber lasts 1 to 2 ms but the twitch 

lasts longer, therefore, it is possible for a second action potential to be initiated during the 

period of mechanical activity. The increased mechanical response of a muscle fiber to a 

second action potential is called summation. Contractile activity can be sustained, in the 

^ Fast and slow fibers are categorized by the enzyme that stimulates cross bridge cycling. Most muscles 
are composed of both types but in different proportions. 
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absence of fatigue, if a fiber is repeatedly stimulated at a fi'equency sufiBcient to prevent 

complete relaxation between stimuli. A maintained contraction in response to a repetitive 

stimulation is known as tetamis (Figure 2-16). As the frequency of action potentials 

increases, the level of sustained tension also increases until a maximal tetanic tension is 

reached, beyond which tension no longer increases with further increases in stimulation 

fi'equency. This maximal tetanic tension is about three to five times greater than the 

isometric twitch tension. Since different muscle fibers have different contraction times, 

the stimulus fi'equency that will produce a maximal tetanic tension also differs fi'om fiber 

to fiber. 
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Figure 2-16: Twitch versus tetanus (reprinted, with permission, from Vander 1984) 

The amount of tension developed by a muscle fiber is dependent on the length of 

the fiber prior to contraction and the velocity of the contraction (Figure 2-17). In the 

force-length relation, the magnitude of the maximal isometric tetanic tension generated 

during contraction varies as a muscle fiber is stretched to various lengths (via the 

sarcomeres). The length at which the fiber develops the greatest tension is termed optimal 



46 

length or reference length, Irej. When the muscle fiber is less than 60% of its optimal 

length or greater than 175% of its optimal length, the fiber develops no tension when 

stimulated (Figure 2-18). The length of most fibers in a relaxed skeletal muscle is near the 

Force 
(% of ma.\inium) 

150 

lUU 

Constant 
Length 

Constant 
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too 

Figure 2-18 Figure 2-19 

Figure 2-17: Variation of muscle force with contraction velocity and sarcomere length 
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Muscle Length 
{% of optimum) 

Figure 2-18: Variation of tension with length of a muscle fiber - shaded area indicates 
normal operating range of muscle 

optimal length. The overall change in a muscle's length rarely exceeds 30% change from 

its optimal length due to its bone attachments. Over this range of lengths, the ability to 

develop tension never falls below about half of the tension that can be developed at the 

optimal length. 

Finally, the velocity at which a muscle fiber shortens while undergoing maximal 

tetanic stimulation decreases with increasing loads (Figure 2-19). The maximal shortening 

velocity is achieved at zero load and is zero when the load is equal to the maximal 

isometric tension. At loads greater than the maximal isometric tension, the fiber will 

lengthen at a velocity that increases with load, and at very high loads the fiber will yield. 
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The total tension a muscle develops depends on two factors: 1) the amount of 

tension developed by each fiber and, 2) the number of fibers contracting at any given time. 

The previous discussion reviewed the amount of tension developed by a single muscle 

fiber. The number of fibers contracting at a given time is dependent on the number of 

muscle fibers within a motor unit, and the number of the motor units within a muscle that 

are activated. Muscles that require fine motor skills (i.e. eye muscles) have a small 

number of fibers per motor unit (i.e. 10-15 fibers). More coarsely controlled muscles can 

have hundreds, even several thousands, of fibers per motor unit, and create an increase in 

tension with each additional recruitment. Which motor units are activated depends on the 

type of load applied. Contractions with high intensity and short duration (i.e. acceleration 

impulse) command the slow motor units first and then recruit the large, fast motor units. 

In moderate strength contractions, fast motor units are usually not recruited. 

100 

^ Veloci^' 
(% of maximum) 

100 

Figure 2-19: Variation of velocity with load in a muscle fiber (reprinted, with permission, 
fi-om Vander 1984) 
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2.2.4.1.4 Muscle Behavior without Excitation 

In the absence of neural stimulation, the force in the muscle tissue developed 

during elongation is the passive force. The constitutive properties of the non-active, 

muscle is nonlinear and elastic (Yamada 1970). The force response increases 

exponentially with increasing elongation (Figure 2-20). In situ, a muscle is typically 

elongated and therefore has an initial, inherent passive force. This force is referred to in 

the modeling section as muscle pretensioning. When combining this passive force-length 

relation with the active force-length relation, the muscle response is highly nonlinear. As 

evident in Figure 2-20. the active muscle commands the dominant force in shortening 

contractions but in lengthening contractions, the passive muscle properties quickly 

dominate the total muscle force. 
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Figure 2-20: Variation of active and passive muscle force with length and their combined 
effect 

2.2.4.2 Muscles of the Neck 

There are numerous muscles within the neck but not all of them influence head or 

neck motion. Figures 2-21 A and B depicts an array of these muscles. Table 2-4 lists the 

muscles of the head (capitis), neck (cervicis), or back, and the types of influences they 

have on head/neck/spine motion (Feneis 1985, White 1990). Muscles listed in bold italics 

are utilized in this dissertation model. Note that muscles which contract causing the head 

to move in flexion are specified in the remainder of this text as flexors, and those which 

contract to move the head in extension are referred to as extensors. 
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Figure 2-21 A: Muscles of the neck - lateral view (reprinted, with permission, from Gray 
1984) 



Figure 2-21 B: Muscles of the neck - dorsal view (reprinted, with permission, from Gray 
1984) 
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Table 2-4: Muscles that influence head/spine motion 

Muscle Origin Insertion Effect on 
Head/Spine 
Motion 

Iliocostalis 
cervicis 

Angles of upper and 
middle ribs 

Transverse process of 
middle cervical 
vertebrae 

Axial rotation 
and lateral 
bending of 
spine 

Interspinales 
cervicis 

Spinous processes of two adjacent vertebrae Extension of 
head/spine 

Intertransversarii 
anteriores cervicis 

Anterior tubercles of cervical transverse 
processes of two adjacent vertebrae 

Axial rotation 
of head/spine 

Intertransversarii 
posteriores 
cervicis 

Connects two adjacent posterior tubercles of 
adjacent cervical transverse processes 

Axial rotation 
of head/spine 

Longissimus 
capitis 

Transverse process of T1 
through T3 and C3 
through C7 

Mastoid process Lateral 
bending and 
extension of 
head/spine 

Longissimus 
cervicis 

Transverse process of T1 
through T6 

Transverse process of 
C2 through C7 

Lateral 
bending and 
axial rotation 
of spine 

Longus capitis Anterior tubercle of the 
transverse process of C3 
through C6 

Basilar portion of 
occipital bone 

Flexion and 
lateral 
bending of 
head/cervical 
spine 

Longus colli Vertebral body of C2 
through C5 

Vertebral body ofC6 
through T2 

Lateral 
bending and 
flexion of 
cervical spine 

Obliquus capitis 
inferior 

Spinous process of axis Transverse process of 
atlas 

Axial rotation 
of head/atlas 

Obliquus capitis 
superior 

Transverse process of 
atlas 

Area above insertion 
process of rectus 
capitis posterior 
major 

Lateral 
bending and 
flexion of 
head 
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Table 2-4 (continued): Muscles that influence head/spine motion 

Muscle Origin Insertion Effect on 
Head/Spine 
Motion 

Rectus capitis 
anterior 

Lateral mall of atlas Basilar part of 
occipital bone 

Flexion of 
head 

Rectus capitis 
lateralis 

Transverse process of 
atlas 

Jugular process of 
occipital bone 

Lateral 
bending of 
head 

Rectus capitis 
posterior major 

Spinous process of axis Middle of inferior 
nuchal line 

Extension and 
axial rotation 
of head 

Rectus capitis 
posterior minor 

Posterior tubercle of atlas Medial third of 
inferior nuchal line 

Extension of 
head 

Rotatores cervicis Inferior articular process 
of adjacent vertebrae 

Arch or roots of 
cervical spinous 
process of adjacent 
vertebrae 

Axial rotation 
of spine 

Scalenus anterior Transverse process of C3 
through C6 

Scalene tubercle of 
first rib 

Axial rotation 
and lateral 
bending of 
cervical spine 

Scalenus medius Transverse process of C2 
through C7 

First rib behind 
subclavian groove 

Lateral 
bending of 
cervical spine 

Scalenus minimus 
(occasionally 
present) 

Transverse process of C6 
or C7 

First rib and cervical 
pleura 

Lateral 
bending of 
neck 

Scalenus 
posterior 

Transverse process of C4 
through C6 

Superior border of 
second rib 

Lateral 
bending of 
neck 

Semispinalis 
capitis 

Transverse process of C4 
through T6 

Occipital bone 
between superior and 
inferior nuchal line 

Extension and 
axial rotation 
ofhead 

Semispinalis 
cervicis 

Transverse process of T1 
through T6 

Spinous process of 
C2 through C5 

Extension and 
axial rotation 
ofhead 
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Table 2-4 (continued): Muscles that influence head/spine motion 

Muscle Origin Insertion Effect on 
Head/Spine 
Motion 

Spinalis capitis Inconsistent - from upper thoracic and 
lower cervical spinous processes 

Axial rotation 
and lateral 
bending of 
head 

Spinalis cervicis Spinous process of C6 
through T2 

Spinous process of 
C4 through C2 

Extension of 
head/spine 

Splenius capitis Spinous process of C4 
through T3 

External half of 
superior nuchal line 
and mastoid process 

Extension, 
axial rotation, 
and lateral 
bending of 
head/spine 

Splenius cervicis Spinous process of T3 
through T5 

Posterior tubercle of 
transverse process of 
CI and C2 

Extension, 
axial rotation, 
and lateral 
bending of the 
head/spine 

Sternocleidomastoid Sternum and clavicle Mastoid process and 
superior nuchal line 

Axial rotation 
and lateral 
bending of 
head 

Trapezius Spinous process of C7 
through T12, nuchal 
ligament, occipital 
protuberance 

Scapular spine, 
acromion, clavicle 

Axial rotation 
and lateral 
bending of 
head 
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CHAPTER 3 

ANALYTICAL APPROACHES TO HEAD AND NECK 
MODELING 

3.1 Historical Approaches 

Early attempts at modeling and understanding neck response were undertaken to 

study the effect of axial load on the spine sustained by pilots during ejection. The neck, 

represented as a continuum beam, was modeled by a straight, elastic, homogeneous 

material (Hess and Lombard 1958, Liu 1966, Terry and Roberts 1968). It was free on one 

end and subjected to a prescribed acceleration at the other end that was allowed to 

propagate along its length. Later approaches added initial curvature to the spine and 

tuned the neck beam bending properties with responses from cadaver testing (Li et al 

1971, Moflfatt et al 1971). Due to the modeling limitations and numerical methods 

utilized, correlation was limited to small acceleration inputs (2g) and very early times after 

impact (Liu and Von Rosenburg 1974). All of these models precluded the effect of spinal 

musculature. 

To study spinal loading during ejection further, one-dimensional, lumped 

parameter models were developed prior to 1970 but a ground breaking, two dimensional 

model was developed by Ome and Liu (1971). The mid-sagittal planar model was 

comprised of one mass representing the head and neck, and 17 rigid thoracic and lumbar 

vertebrae supported by massless deformable disks. These deformable elements were 
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three-parameter, viscoelastic in axial compression and elastic in shear and bending. Large 

displacements were studied for a 10 g axial acceleration input at the sacrum. It has been 

argued that the model response was unrealistic due to the omission of seat back and 

external restraints (King and Chou 1976). Again, this model precluded the effect of spinal 

musculature. 

With advances in computing power and numerical methods, head/neck models 

grew more complex. Intricate lumped-parameter models, using multibody techniques, 

were developed to capture the articulated motion of the head and neck as a result of 

various directional input accelerations applied to the torso. The first three dimensional 

models were presented by Panjabi (1973) and Belytschko et al (1973). These models 

utilized rigid bodies, representing the vertebrae and the head, connected by deformable 

elements, representing ligaments and intervertebral joints. The three dimensional models 

were constructed for demonstrative purposes and were not validated against human 

testing. 

In the late 1970's, extensive data was gathered on the effects of various directional 

acceleration environments on live humans (Ewing 1976, 1978). This work, performed at 

the Naval Biodynzunics Laboratory, subjected volunteers to acceleration environments so 

as to study the head and neck structure in flexion, lateral bending, axial loading, and 

oblique forward motion. These new studies opened the door for validation of head and 

neck models to various directional accelerations. The first three dimensional model to 

utilize this data also introduced advanced numerical methods to solve the complex 

equations of motion (Huston et al 1978, Tien and Huston 1985). Huston and associates' 
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numerical methods were key to validating their three-dimensional, lumped parameter 

model which consisted of nine bodies representing the skull, C1 through C7, and the 

torso. The bodies were connected by springs and dampers which simulated the disks, 

ligaments, and muscles. While the NBDL experiments involved live, active muscles, the 

model represented muscles only in the passive state. 

Deng and Goldsmith (1987) constructed a head and neck model which utilized the 

numerical method advances developed by Huston et al (1978). Their three dimensional 

model was developed from the two dimensional models of Reber and Goldsmith (1979) 

and Merrill et al (1981) (Merrill's work included some limited three dimensional studies) 

The head/neck model included 10 rigid bodies (head, CI through C7, Tl, and torso) 

joined by force models of linear, viscoelastic intervertebral joints which allowed ftill six 

degrees of freedom relative motion between adjoining masses, and fifteen symmetrical 

pairs of passive muscle elements. The muscles were defined as nonlinear, elastic springs 

with the passive stiffness arbitrarily increased 10 times to assist the muscles in holding the 

head upright under the effects of gravity. The acceleration inputs to the torso were the 

sled pulse from the NBDL tests in flexion and lateral bending. Since the torso was defined 

as a rigid body and did not include the effects of external restraints, the head response was 

not biofidelic. Again, while the NBDL experiments involved live, active muscles, the 

model represented muscles only in the passive state. 

Two recent models reported by De Jager et al (1996) and Van der Horst et al 

(1997), utilized a muscle model developed by Hill (1938) to include the limited use of 

active muscles. The generic Hill model consists of a contractile (CE), series elastic (SE), 
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and parallel elastic (PE) element (Figure 3-1). The advantage of the Hill model is that it 

provides an excellent estimate of force generating properties of the muscle without undue 

complexity. Also, following the inception of this model in the I930's, substantial data has 

been collected for input into the Hill muscle model. More complex variations of the Hill 

model (i.e. inclusion of tendons in series with the muscle structure) and more elaborate 

muscle models (Huxley 1957, Hill 1977, ZahaJak 1981, 1986, 1990, Zahalak and Ma 

1990) have been proposed, but none have been used within the complex environment of 

the head/neck system. 

In 1996, De Jager et al (1996) reported a model, an extension of the work of Deng 

and Goldsmith (1987), which incorporated muscles that activated in unison, as a group. 

The onset of activation was based on reaction time. Muscle deactivation was not 

addressed. The behavior of the model was compared to the NBDL data in flexion and 

was shown to agree with the experimental data envelope from time zero through 200 ms. 

A B 

Figure 3-1: Classic structures for the Hill muscle model 
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This time frame incorporates full flexion but not the rebound. The model was also 

compared to the NBDL data in lateral bending. Again, the muscles were activated in 

unison and deactivation was not addressed. The model response was reported to 200 ms 

which did not incorporate head rebound. 

The De Jager model was improved further by Van der Horst et al (1997) who 

introduced muscles with the capability to curve around the bending neck allowing for 

greater geometric definition of the muscles. Again, muscles were activated in unison and 

the results covered only the period from time zero through 200 ms. A set of arbitrary 

reaction times were assessed to examine the onset of activation. Also, a set of arbitrary 

activation limits were studied. Deactivation was not addressed. A precise determination 

of activation timing and limits were not concluded from the study. It was shown that the 

muscles with curvature could produce behavior with better agreement to the same data. 

3.2 Current Model 

The head and neck model described herein was based on the work of Deng and 

Goldsmith (1987) and extends the muscle models of De Jager (1996) and Van der Horst 

(1997). The muscles were enhanced by including; activation and deactivation at variable 

levels based on muscle length, pretension to the passive portion of the neck muscles, a 

steady-state activation to compensate for the effect of gravity, and descriptive muscle 

parameters determined from recent data reported by Myers (1998). Furthermore, the head 

and neck model described herein, was incorporated with a mathematical model of the 

complete body of a Hybrid III 50"* percentile male anthropomorphic test device. The 
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original Hybrid LQ model was supplied and validated by TNO (MADYMO V5.1 

Databases Manual 1994) 

The models were analyzed using MADYMO, a commercially available, rigid 

body/finite element, dynamic analysis package. MADYMO specializes in occupant 

protection analysis with emphasis on modeling of occupants (anthropomorphic test 

devices), vehicle interior surfaces, and occupant protection systems (i.e. belts, airbags) 

(MADYMO V5.1 3D.Users' Manual 1994). MADYMO allows kinematic behavior and 

geometric inputs to be referenced from either global or body-fixed reference frames. The 

model uses body-fixed reference frames for the measurement of displacement parameters, 

and Bryant angles to describe three-dimensional rotations of each body relative to the 

other. Large motions are assumed, but it is presumed with justification that no 

combination of Bryant angles result in numerical singularity. 

3.2.1 Reference Frames and Rigid Bodies 

The three dimensional, sagittal plane symmetrical model of the head and neck 

consists of ten rigid bodies. These masses are joined by force models of linear, 

viscoelastic intervertebral joints which allow full six degrees of freedom relative motion 

between adjoining masses, and fifteen symmetrical pairs of active muscle elements. The 

direction of the Cartesian coordinate system of the inertial frame was aligned to 

correspond to the coordinate system used in the validation tests from NBDL. Figure 3-2 

shows the rigid bodies of the model (the head, cervical vertebrae CI through C7, and 

thoracic vertebrae T1 and T2) together with the orientation of the global reference frame. 
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The origin of the global reference frame is fixed at the center of mass of T2. The local 

reference frame for T2 is aligned with the global reference frame. The origins of the local 

reference frames of the remaining bodies are located at a position between the bodies, 

indicative of the centers of the intervertebral joints (Figure 3-3). 

Figure 3-2: Wireframe representation of the ten rigid bodies in the head/neck model at 
time zero with the orientation of the global coordinate system. 
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body J 

& body / —z 

body 1 

Figure 3-3: Body local reference frames and coordinate descriptions. Values for c, r, 
and 0, can be found in Table 3-1. A description of these variables are listed 
below. 

Table 3-1 lists the geometric properties of the ten rigid bodies in the model. The 

properties of the nine vertebrae were obtained from Deng and Goldsmith (1987), Their 

position and orientation were digitized in the sagittal plane from textbook X-ray pictures 

(Meschan 1959) and were assumed to be symmetric about the local z axis. The position 

of the bodies were located in succession by vectors c and r, depicted in Figure 3-3. Once 

all of the bodies were positioned, they were oriented by the angle 9y. The mass and 

moments of inertia of the vertebrae (Table 3-2) included the surrounding fascia (tissues) at 

each vertebral level (Liu 1971). Although not exact, this method of modeling have been 

proven to give meaningful results since the mass of the surrounding tissues and ligaments 

are represented, and the mass of the head is much greater than that of the cervical 
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segments. The principal inertial axes are aligned with the local coordinate reference 

frame. The inertial properties of the vertebrae italicized in Table 3-2 were changed from 

the Deng and Goldsmith (1987) data so that they satisfy mathematical relationships among 

principal moments of inertia for a rigid body (De Jager 1996). 

The position and orientation of the skull was also obtained from Deng and 

Goldsmith (1987). The mass and moments of inertia of the head, shown in boldface in 

Table 3-2, were updated from the Deng and Goldsmith (1987) model to reflect values 

reported from the experimental data used for validation (Wismans 1986). The mass of the 

head included the mass of the brain which is assumed to be an integral part of the head. 

The center of mass of the head takes into account the uneven distribution of the mass 

within the skull. Also, the analysis of the experimental data used to determine the mass 

and inertial properties of the head reflects that the principal axes of inertia do not aligned 

with the local coordinate reference frame of the head therefore, an ly: term is included in 

the model (Wismans 1986). 
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Table 3-1: Geometric positions of the rigid bodies in the model 

Body Cy C: rx fy r. 6)v 
No. Name (cm) (cm) (°) 

1 T2 - - - 0. 0. 0.00 15.15 
2 TI 0.00 0. 2.28 0. 0. 0.92 25.75 
3 C7 0.07 0. 1.78 0. 0. 0.86 30.75 
4 C6 -0.26 0. 1.72 0, 0. 0.79 27.25 
5 C5 -0.07 0. 1.45 0. 0. 0.66 24.00 
6 C4 -0.20 0. 1.39 0. 0. 0.66 19.00 
7 C3 -0.20 0. 1.35 0. 0. 0.73 14.00 
8 C2 -0.20 0. 1.32 0. 0. 0.66 -5.50 
9 CI 0.07 0. 1.58 0. 0. 0.66 -17.50 

10 Head 0.13 0. 1.32 0. 0. 6.34 0.00 

Table 3-2: Mass and inertial properties of the rigid bodies in the model 

Body 
No. Name 

Mass 
(kg) 

/.« / 

(10"* kg m^) 
Ac 

1 T2 - - - - -

2 Tl 1.000 49.0 14.0 61.0 0. 
3 C7 0.400 21.0 6.0 26.0 0. 
4 C6 0.226 5.0 5.3 9.7 0. 
5 C5 0.269 6.0 4.8 10.0 0. 
6 C4 0.205 2.5 3.7 5.7 0. 
7 C3 0.156 3.3 2.6 4.3 0. 
8 C2 0.156 3.3 2.6 4.3 0. 
9 CI 0.156 3.3 2.6 4.3 0. 

10 Head 4.78 186. 246. 183. 73. 
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3 .2.2 Intervertebral Joints 

The intervertebral joints, representing the ligaments and the facets, were modeled 

as full six-degree-of-freedom joints that produce equal and opposite forces and moments 

in the bodies they join through stiffhess and damping matrices (Figure 3-4). The forces 

and moments on the adjoining bodies were computed using (Deng 1985) 

F T" 'N' 
= P K + D 

n (D n 

where F and M are 3x1 force and moment vectors that act on the adjoining bodies. 

Vectors T and <t) define the relative translation and rotation between the bodies and 

vectors N and Q define the relative linear velocity and angular velocity between the two 

adjoining bodies. Matrices K and D are 6x6 stiffhess and damping matrices, 

respectively, which relate the displacements and velocity to the force and moments. The 

proportionality factor, p, is necessary to account for variation in mechanical properties of 

the joints at each vertebral level (based on cross-sectional area of the intervertebral discs) 

Forces and moments 
on body / 

K , D  
Equal and opposite 
forces and moments 
on body j 

Relative linear and 
angular velocity 
between bodies i and / 

Relative translation 
and rotation between 
bodies i and / 

Figure 3-4: Determination of forces and moments at the intervertebral joints 
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The elements of the stiffhess and damping matrices were assembled by Deng 

(1985) from results of experiments on thoracic motion segments reported by Panjabi et al 

(1976). The elements were further updated by De Jager (1994) to account for material 

property variations when loaded in opposing directions. Tables 3-3, 3-4 and 3-5 list the 

elements of K, D, and p respectively. 

Table 3-3: Elements of the joint stiffhess matrix, K 

Matrix 
Element 

Value Units Comments 

kii 140.0 kN/m for tx > 0 (posterior/anterior shear) 
50.0 kN/m for /x < 0 (anterior/posterior shear) 

ki3 8.0 kN/m 
kis -0.800 kN/rad 

122.0 kN/m 
^24 0.450 kN/rad 
kie 0.300 kN/rad 
1(33 390.0 kN/m for /; > 0 (tension) 

1083.0 kN/m for /; < 0 (compression) 
I<35 -0.380 kN/rad 
^44 0.172 kNm/rad 
^46 -0.0015 kNm/rad 
kss 0.152 kNm/rad for > 0 flexion 

0.186 kNm/rad for < 0 extension 
l<66 0.149 kNm/rad 

All other elements within the stiffhess matrix are 0.0 

Table 3-4: Elements of the damping matrix, D 

Matrix Element Value 
dll, d22, d33 
d44, dss, det 

300.0 Ns/m 
1.0 Nms/rad 

All other elements within the damping matrix are 0.0 
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Table 3-5: Values for proportionality factors, p 

Joint Value 
CO-Cl 3.11 
C1-C2 2.31 
C2-C3 1.00 
C3-C4 1.38 
C4-C5 1.27 
C5-C6 1.51 
C6-C7 1.84 
C7-T1 1.97 
T1-T2 0.50 

The static and quasi-static non-linear properties of cervical spine segments are 

described in more recent studies such as Panjabi (1996) and Shea et al (1991). These 

studies show large variations in data with standard deviations as large as 80% (De Jager 

1996). In contrast, accurate global representation of the linear stiffness model (Deng 1997 

and De Jager 1994) make it ideal for studying complex muscle variations. 

3.2.3 Modeling of Active Muscle 

The active muscles were modeled as contractile active elements in parallel with 

spring passive elements. The total force generated by the muscle at any given time is 

given by 

where Fee is the force output of the contractile element and Fpe is the force output of the 

passive element. The effect of the series elastic element was deemed negligible since the 

effect of that element becomes unimportant in the presence of large changes in muscle 
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length (Close 1972). Also, for the purpose of this study, the effect of tendons was 

neglected. Alexander and Ker (1990) found that the significance of tendon in muscle 

modeling was directly proportional to its length relative to the length of the muscle to 

which it is attached. The tendon length in neck muscles is small in comparison to the 

overall length of the muscle (Winters and Woo 1990). 

3.2.3.1 Contractile Element 

In the Hill model, the action of the contractile element represents the force 

generated by the cross-bridges of the muscle induced by the chemical reaction within the 

muscle. The input to the contractile element is a neural impulse. The output is a force 

{Fee) which is a function of the muscle length, rate of change of its length (or velocity), 

activation level, and the maximum force available at maximum activation (Winters 1990) 

This can be written as 

Fee - (3-3) 

In equation (3-3), Ir is the length of the muscle in a given state, normalized with respect to 

the muscle's reference length, 7^/. More specifically, 

"> (3-4) 

where / is the actual length of the muscle in a given state and /re/ is the length of the muscle 

at which maximum force, Fmax, is produced. A more detailed description of Ir and /re/is 

given in Section 3.2.2.1.4. Similarly, is the rate change of the muscle at a given time. 
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normalized with respect to the muscle's maximum shortening velocity, Vmax- More 

specifically, 

V = 

^max (3-5) 

where v is the muscle shortening velocity at a given time. A more detailed description of 

Vr and is given in Section 3.2.2.1.3. Finally, in equation (3-3), A is the amount of 

activation at any given time. Section 3.2.2.1.2 describes the process by which the value of 

A is determined. 

3.2.3.1.1 Computation of Maximum Force 

The maximum force generated during a shortening contraction is assumed to be 

independent of the fiber composition (slow or fast fibers) and dependent only upon the 

physiological cross-sectional area (/lp„) (Winters 1985). This relationship can be 

expressed as 

F - rr A 
max  ̂p pa (3-6) 

where cjp is the peak muscle stress and Apes is the physiological cross-sectional area. In this 

study, cjp was assumed to be constant at 0.4 MPa, which is the value reported by Yamada 

(1970) for the sternocleidomastoid (a dominant neck muscle) and corrected for living 

tissue (ultimate tensile strength postmortem, 19 g/mm^, is 50% of that just after death 

(Yamada 1970)). The physiological cross-sectional area represents the sum of the cross-

sectional areas of all the muscle fibers within a muscle, parallel to the force generating axis 



of the muscle. Typically, the muscle fibers are not oriented along the force generating axis 

but at some angle with respect to the axis. This angle is referred to as the pennation angle 

6. If the permation angle is not zero, the physiological cross-sectional area is defined as 

mcosd 

where m is muscle mass (in grams), p is the muscle density (1.056 grams/cm" for 

mammalian muscle (Lieber 1992)), and //is the fiber length (in cm)(Winters 1985). A 

recent study reported Ap^ for several neck muscles (Myers 1998). Table 3-6 lists these 

values as well as other values defining muscle characteristics. Other variables within Table 

3-6 are defined in the following sections. 

Table 3-6: Muscle parameters 

Muscle p * max ^mwc J ^ pcsa ^rest Irest 1 free 1 rej 
(N) (m/s) (cm^) (l^m) (cm) (cm) (cm) 

iongissimus capitis 141.2 0.642 3.530 2.280 8.710 8.022 10.696 
longissimus cervicis 141.2 0.693 3.530 2.280 9.410 8.667 11.556 
longus capitis 141.6 0.421 3.540 2.900 7.260 5.257 7.010 
longus colli 197.6 0.586 4.940 2.900 10.120 7.328 9.771 
scalenus anterior 155.2 0.565 3.880 3.040 10.230 7.067 9.422 
scalenus medius 207.6 0.422 5.190 2.900 7.280 5.272 7.029 
scalenus posterior 163.2 0.370 4.080 2.900 6.380 4.620 6.160 
semispinalis capitis 260.4 1.072 6.510 2.320 14.800 13.397 17.862 
semispinaluis cervicis 268.0 0.682 6.700 2.300 9.340 8.528 11.370 
spinalis capitis 280.0 1.051 7.000 2.300 14.390 13.139 17.518 
spinalis cervicis 160.0 0.600 4.000 2.300 8.210 7.496 9.995 
splenius capitis 318.4 1.215 7.960 2.325 16.820 15.192 20.256 
splenius cervicis 318.4 0.850 7.960 2.325 11.770 10.631 14.175 
sternocleidomastoid 381.2 1.111 9.530 2.730 18.060 13.892 18.523 
trapezius 340.8 1.290 8.520 2.600 19.970 16.130 21.506 

Boldface values were not reported in (Myers 1998) and are estimates 
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3.2.3.1.2 Activation Level 

Hill (1949) defined the "active state" of a muscle as the state where the CE 

generates tension, without lengthening or shortening, after the beginning of excitation. 

Winters and Stark (1985) defined this phenomenon in terms of three stages: a neural 

impulse, w, causing an excitation, £, of the chemical bonds within the muscle which in turn 

generate force at an activation level. A, which varies fi-om 0 to 100%. The variables w, £, 

and A are related to each other by the following differential equations (Winters and Stark 

1985, De Jager 1996); 

dE _  / / - £  

c/t 7^ for (0 < u < 1) and (0 < £" < 1) 

d A  _ E - A  
dt ~ Ta for (0 < /I < 1) (3_c 

where Tg and Ta are time constants which lie in the range of 25 < Te < 50 ms and 

5 < Ta < 15 ms (Winters and Stark 1985). This relation assumes that the neural input is a 

single impulse described as a step function. It can be shown that is u is a step function, E 

and A will vary exponentially with time for a given Te and T^. Figure 3-5 charts the 

variation of w, £, and A with time. Note that after the neural impulse is applied, a latent 

period elapses before excitation/activation occurs. As recalled from Figure 2-14, the 

latent period has been shown to be about 10 ms. 
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First order activation, A 

Neural input, u 

Figure 3-5: Relationship between //, E, and ^ of a first order activation model 

Relatively little data has been collected on the triggering mechanics for neural input 

to individual muscles. Several studies measured activation onset based on a reaction lime. 

the difference in time between the onset of a perturbation to the body to the onset of 

muscle activation to counteract the perturbation. Reid et al (1981) measured neck muscle 

reaction times of approximately 90 ms, whereas Forssburg and Hirschfeld (1994) 

measured them in the range of 75 to 120 ms. The same study by Forssburg and Hirschfeld 

(1994) indicated that there was a loose correlation between muscle length and neural 

stimulation and that environmental factors (i.e. vision) could play a role in causing muscles 
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to activate. In modeling muscle behavior, reaction time can be used to decide when a set 

of muscles should activate (e.g. De Jager 1996). It cannot be used to predict which 

individual muscles should activate, when activation should peak, or when deactivation 

should occur. In contrast, activation and deactivation based on individual muscle states 

can allow for flexible and individualized activation schemes for each muscle. In view of 

studies that suggest the muscle length change Is a reasonable predictor of onset of 

activation (Forssburg and Hirschfeld 1994), it was decided to base the activation of 

muscles in the model on length change. This concept was implemented using the 

following scheme. A neural input is applied after a muscle has lengthened (shorten for 

deactivation) fi-om Its rest state for more than 10 ms. (A neural input Is not applied if the 

muscle lengthens or shortens for less than 10 ms.) Once the neural input Is applied, the 

activation cycle begins. Many models have been developed to describe the rate of 

activation. Bahler (1967) reported the adequacy of a linear activation scheme with the 

numeric value of activation ranging from 0 (approximately .5% for muscles at rest) to 

100% (full activation). When modeled as a first order system, A can reach 95% (.95) at 

100 ms. If A(t) Is approximated by 

the behavior predicted by the first order model can be reproduced with reasonable 

accuracy as shown In Figure 3-6. The linear approximation of activation in equation 3-10 

was used in the model. 

(3-10) 
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Figure 3-6: First order activation as compared to linear activation 

Little published data is available on the deactivation characteristics of muscles. 

Hill (1949) concluded that deactivation was slower than activation. Bahler (1967) 

classified the deactivation rate as five times slower (50 ms) than activation (10 ms). 

Winter and Stark (1985) reported it as four times slower. In this model, deactivation, like 

activation, was defined as a linear process with deactivation at a rate of 10% per 40 ms. 

To gain a better understanding of the activation/deactivation scheme. Figure 3-7 

depicts the algorithm as applied to a muscle within the model. At time zero, a 

perturbation is applied to the head/neck model, specifically an acceleration pulse. At 

approximately 80 ms after the pulse is applied, the depicted muscle begins to lengthen. 
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After 10 ms of lengthening, a neural impulse is applied. After the 10 ms lag time, 

activation begins at a rate of 10% per 10 ms until lengthening ceases at approximately 140 

ms. After 10 ms of no lengthening, a neural impulse is again applied, and again, a 10 ms 

lag time. Deactivation then begins at a rate of 10% per 40 ms. The run is completed 

before deactivation is complete. In this example, the muscle does not begin to lengthen 

again, therefore, it does not reactivate. 
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Figure 3-7: Relationship between muscle length and muscle activation 
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3.2.3.1.3 Force - Velocity Relation 

The force velocity (F-v) relation for shortening muscle (-1 < Vr< 0), was identified 

by Hill (1938) as the hyperbolic relationship: 

(F + a) (v + b) = (Fnjaxa) (3 -11 )  

where F  is the muscle force, v is muscle shortening velocity, and a  and b  are constants. 

Defining a dimensionless "shape" factor aj, which specifies the hyperbolic concavity of the 

force-velocity fijnction, as: 

a  b  a .  =  
n̂wx  ̂max (3-12) 

and recalling the definition of fi^om equation (3-5), equation (3-11) can be solved for 

F Frriax, which in turn, defines the force-velocity Sanction as: 

F  _ ( l  +  v ' , )  
A(Vr) = 

F ^ 
max [ — —— 

(3-12) 

Since neck muscle fibers have evenly distributed fast and slow fiber compositions 

(Winters and Woo 1990), a/has been reported as 0.25 (Winters 1990) and was 

calculated as six times the reference length, Iref, per second, for each muscle (Winters 

1985). The variable can range in value fi^om two times the reference length per 

second for slow fibers to ten times the reference length per second for fast fibers (Winters 

1985). 

After Hill postulated the hyperbolic relationship, other researchers, including Dem 

et al (1947) and Wilkie (1950), reported isotonic studies strongly supporting Hill. 
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Although slight variations have been proposed in the standard Hill F-v relation, in general, 

the Hill relation is widely accepted for muscle shortening and has been confirmed by 

experimental data. 

For muscle lengthening, muscles exhibit a F-v behavior that is incompatible with 

the classic Hill approach (Hof 1990), although muscles with sudden yielding can be 

adequately approximated by a lengthening (v^ > 0) CE F-v relation of 

\ 
V a 

1 + -^ 
^ fl J 

1+ 

(3-14) 

where ajj is the shape factor for lengthening and a, is the normalized saturation (or 

ultimate strength) (Deng 1987). The ultimate strength of the lengthening muscle has been 

found to be as low as 1.1 F^ax (Hof 1990) and as high as 1.8 Fmai(Lehman 1990). Most 

current CE F-v relations assume an ultimate strength with progressively lengthening 

velocities at about 1.3 Fmax (Winters 1990). The constant ay? has a general value of 0.083 

or one-third of the shortening muscle constant a/. (Winters 1988). 

3.2.3.1.4 Force - Length Relation 

The force-length relation {F-l) is based on the observation that the amount of 

tension developed by a muscle fiber can be altered by changing the length of the fiber prior 

to contraction. A wide variety of empirical fits have been utilized to describe the F-l 

relation. A popular form of the parabolic curve is given as (MADYMO V5.1 3D Users' 

Manual 1994); 
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/(/J = exp 
-R -')' 

(3-15) 

where / is the muscle length, Iref is the optimal length, Ir is the normalized length / hef, 

and Sk is the "shape" function (width) of the parabolic curve. Commonly used values of Sk 

range between .40 and .68 (Figure 3-8) (Winters and Stark 1985). The optimal length {Ire; 

) for the neck muscles can be calculated from the linear relation; 

where Rack and Westbury (1969) determined optimal sarcomere length {Sre;) as 2.8 - 3 .0 

[im. The value of Irest is the length of the muscle in situ when the body is at rest and 

for each muscle was reported by Myers (1998) (Table 3-6). The measurement of was 

performed using phase contrast and laser diffraction methods with full DIC, Nomarski 

optics (Myers 1998). The sarcomere length was determined to an accuracy of ± .025 [im 

(Myers 1998). Complete sarcomere measurement information can be found in Myers 

(3-16) 

(1998). 
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Figure 3-8: Variation of the force-length relation with Sk 

3.2.3.2 Passive Muscle 

A muscle without neural input (a passive muscle), in situ, at rest, has initial stress; 

if a muscle at rest is removed from the body, it will shorten. To evaluate the initial stress 

on the muscles in situ, it is necessary to determine the length of the muscle if it were 

removed and allowed to shorten (without neural input). This "removed" length is defined 

here as the free length. A study by Magid and Law (1985) indicates that the sarcomere 

length {Sfree) of a "free" muscle is equal to 2.1 um. Applying a linear relationship between 

sarcomere length and muscle length, the free length (//ree) can be calculated as: 
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^frte ^rat V > (3-18) 

The passive muscle tissue has force-elongation properties of a non-linear, elastic 

spring. Passive material properties of the sternocleidomastoid, a dominant neck muscle, 

were derived from the stress-elongation curve reported in Yamada (1970). This 

relationship is defined as (Merrill 1984) 

ke for t; > 0 
s = 1 - e.a 

_ 0 for e; < 0 (3-17) 

where s is the muscle stress, e is the muscle elongation, k is the stiffness constant, and a is 

the strain asymptote. The values of k and a were determined by Merrill (1984) to be 

3.34 * lO"* N/m^ and 0.7, respectively. Elongation was defined as the percent change in 

the free length of the muscle, therefore, zero stress is present in a "free" muscle. 

Figure 3-9 depicts the variation of muscle stress with elongation for this model. 

Dividing the stress by the physiological cross-sectional area for each of the fifteen muscle 

pairs in the head/neck model, individual force versus elongation curves were generated 

and utilized in the analysis. 
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Figure 3-9: Variation of muscle stress with elongation in the sternocleidomastoid 

3.2.3.3 Muscle Geometry 

Past head/neck models represented muscles as line elements, having one origin and 

one insertion point. But during gross motion, in situ muscles do not act along a line but 

rather curve around soft tissues and bones. Figure 3-10 illustrates the difference in the 

direction of muscle force when defined as a line (dashed line) and as a three point element. 

In the Deng and Goldsmith (1987) model, one of the few models to use multiple points. 
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the muscle was able to slide through an extra set point but forces were not applied to the 

bodies in which these "sliding" points were attached. 

Figure 3-10: Varying lines of muscle action between a two point and three point muscle 
model 

In this model, the fifteen muscle pairs modeled were assumed to have a connection 

point at each vertebral level, and the muscles were allowed to slip (without fnction) 

through each attachment point. The muscle tension was assumed to be the same for all 

segments of each muscle and the muscle force acting on a segmental attachment point was 

computed as the vector sum of the tension forces acting on that attachment point 

(MADYMO Update Manual 1997). The attachment points were determined by taking the 

three attachment points reported by Deng and Goldsmith (1987) and fitting a three-

dimensional, second order spline. The following algorithm was used. 

1. Express the position of the points in the global reference fi^ame. 

2. Translate the points so that one point lies at the origin of the reference fi^ame. 

Therefore, the three points can be written as 

Pi=[^i -Vi -iT P2=[^2 y i  - z T  P3=[o 0 of  
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Define an equation for a plane, containing the three points pi, pj, and ps, which is of 

the form 

n^x + n^y + n.z = r 

where 

n^\ + «J +w.k = n 

defines a vector normal to the plane and i, j, and k are unit vectors aligned with the 

axes of the reference fi^ame. 

To obtain the values of//v, and «r, two vectors are defined within the plane 

a=P3-Pi=[-^i >'i -if and b = p3-p, =[x, y. 

and their cross product is taken 

a X b = 
i J ^ 

yi -1 

The value of r is zero because (0,0,0) is a point on the plane. 

Normalize a to create a unit vector c. Take the cross product of c and n to define d, 

which will be a unit vector. Vector d defines the third vector of the triad in an 

i'. j', k' coordinate system where i' = c, j' = n, and k'= d. 

Using the three vectors, define a transformation matrix 

T = [c n d] 
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6. Transform the three points. 

PI  =Tp, p, =Tp, P3 =Tp3 

7, Since the three points lie within the plane defined by the i' and k' axes, all point 

values along the j' direction are 0. Therefore, 

r T f r ' T " t 

II a
 H o

 

•o
 

II X. 0 r. II a
 

\ 

O
 

8. Using the x' and r' values of the transformed points, determine a second order spline 

equation of the form 

where gi, gj, and gs are constants. The constants can be determined by developing 

three equations with the values of p' and solving for the three unknown constants. 

9. Using the spline equation and the values of the center of gravity of each vertebrae 

between the three known values, the corresponding x coordinates for points at each 

vertebral level along the spline are determined. 

10. Transform all the points back to the x, y, z global reference frame 

T ' p' = p 

11. Redefine the points in local body coordinates for input into MADYMO 

The attachment points of the fifteen muscles modeled are listed in Table 3-7. The 

values of the origins, insertions, and mid-points reported by Deng and Goldsmith (1987) 
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are in bold. Note that all points are reported in body fixed local coordinates. The front 

and side view head/neck graphics depict the position of the muscle on the model. 



Table 3-7: Muscle attachment points in body fixed reference frames 
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Muscle Body Number x (m) y (m) z(iP)  

longissimus capitis 
5 
6 
7 
8 
9 

10 

-1.85E-02 
-l,94E-02 
-1.92E-02 
-1.59E-02 
-I.OOE-02 
-0.40E-02 

2.00E-02 
2.44E-02 
2.97E-02 
3.43E-02 
4.03E-02 
5.00E-02 

O.OOE-02 
-O.OlE-02 
0.25E-02 
0.79E-02 
0.95E-02 
1.85E-02 

longissimus cervicis 
1 
2 
3 
4 
5 
6 
7 

-2.58E-02 
-2.07E-02 
-2.I6E-02 
-2.11E-02 
-2.09E-02 
-1.86E-02 
-1.45E-02 

2.00E-02 
2.00E-02 
2.00E-02 
2.00E-02 
2.00E-02 
2.00E-02 
2.00E-02 

1.59E-02 
-0.08E-02 
-0.42E-02 
O.OOE-02 

-0.27E-02 
0.02E-02 
0.33E-02 

longus capitis 
6 
7 
8 
9 

10 

1.72E-02 
1.50E-02 
1.85E-02 
2.05E-02 
2.51 E-02 

2.00E-02 
1.44E-02 
0.94E-02 
0.62E-02 
O.OOE-02 

0.66E-02 
l.IOE-02 
0.93E-02 

-0.01 E-02 
1.45E-02 

longus colli 
1 2.11 E-02 1.50E-02 O.OOE-02 
2 2.41 E-02 1.50E-02 2.09E-02 
J 1.93E-02 1.50E-02 2.01 E-02 
4 2.11 E-02 1.50E-02 0.73E-02 
5 1.82E-02 1.50E-02 1.47E-02 
6 1.95E-02 1.50E-02 1.33E-02 
7 2.18E-02 1.50E-02 0.79E-02 
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Table 3-7 (continued): Muscle attachment points in body fixed reference frames 

Muscle _Bod^_Number___jL_^ni^ V (m) zCm) 

scalenus anterior 
1 
2 
3 
4 
5 
6 
7 

4.96E-02 
3.69E-02 
2.60E-02 
I.98E-02 
1.72E-02 
0.97E-02 
0.66E-02 

3.50E-02 
3.03E-02 
2.81E-02 
2.58E-02 
2.48E-02 
2.19E-02 
2.00E-02 

O.OOE-02 
2.70E-02 
2.4IE-02 
I.81E-02 
0.79E-02 
0.99E-02 
0.73E-02 

scalenus medius 

scalenus posterior 

semispinalis capitis 

1 3.50E-02 4.00E-02 O.OOE-02 
2 3.19E-02 3.44E-02 I.23E-02 
3 2.44E-02 3.08E-02 0.79E-02 
4 I,14E-02 2.25E-02 1.37E-02 
5 0.79E-02 2.00E-02 0.59E-02 

I 2.44E-02 5.00E-02 O.OOE-02 
2 2.25E-02 3.81E-02 1.06E-02 
3 1.08E-02 2.58E-02 I.50E-02 
4 0.86E-02 2.00E-02 0.66E-02 

1 -1.65E-02 2.50E-02 1.98E-02 
2 -1.70E-02 2.31E-02 O.IOE-02 
3 -2.20E-02 2.07E-02 -0.45E-02 
4 -2.60E-02 I.80E-02 -0.55E-02 
5 -3.00E-02 I.59E-02 -0.68E-02 
6 -3.25E-02 I.36E-02 -0.46E-02 
7 -3.37E-02 1.09E-02 0.00 E-02 
8 -3.17E-02 0.88E-02 0.97E-02 
9 -2.66E-02 0.61E-02 1.48E-02 

10 -2.31E-02 O.OOE-02 2.78E-02 
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Table 3-7 (continued): Muscle attachment points in body fixed reference fi'ames 

Muscle Body Number x (m) Z (m) 

semispinalis cervicis 

spinalis capitis 

«vr^ 

spinalis cervicis 

2 -1.06E-02 2.50E-02 1.12E-02 
-» J -1.39E-02 2.28E-02 0.03E-02 
4 -I.73E-02 1.84E-02 -O.llE-02 
5 -2.10E-02 1.50E-02 -0.28E-02 
6 -2.31E-02 i.08E-02 O.OOE-02 
7 -2.35E-02 0.71E-02 O.I4E-02 
8 -2.12E-02 0.35E-02 0.87E-02 
9 -1.78E-02 O.OOE-02 0.86E-02 

1 -2.64E-02 2.50E-02 2.11E-02 
2 -2.46E-02 2.32E-02 -0.26E-02 
J -2.70E-02 2.05E-02 -0.74E-02 
4 -2.87E-02 1.77E-02 -0.69E-02 
5 -3.08E-02 1.54E-02 -0.71E-02 
6 -3.11E-02 1.22E-02 O.OOE-02 
7 -2.96E-02 1.03E-02 -O.OlE-02 
8 -2,53E-02 0.79E-02 0.91E-02 
9 -1.78E-02 0.50E-02 1.20E-02 

10 -0.99E-02 O.OOE-02 1.98E-02 

2 -3.04E-02 0.50E-02 0.00 E-02 
3 -3.11E-02 0.50E-02 -0.99E-02 
4 -3.14E-02 0.50E-02 -0.83E-02 
5 -3.24E-02 0.50E-02 O.OOE-02 
6 -3.07E-02 0.50E-02 -0.12E-02 
7 -2.76E-02 0.50E-02 0.04E-02 
8 -2.31E-02 0.50E-02 0.59E-02 
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Table 3-7 (continued): Muscle attachment points in body fixed reference fi"ames 

Muscle _Bod^^Juniber___jLj[in2_ xissl (m) 

splenius capitis 

splenius cervicis 

sternocleidomastoid 

irk '- f 

1 -3.57E-02 O.OOE-02 2.I8E-02 
2 -3.30E-02 0.38E-02 -0.67E-02 
3 -3.49E-02 0.98E-02 -1.21E-02 
4 -3.66E-02 1.62E-02 -l.IOE-02 
5 -3.89E-02 2.I1E-02 -1.07E-02 
6 -3.96E-02 2.93E-02 O.OOE-02 
7 -3.83E-02 3.23E-02 -0.22E-02 
8 -3.43E-02 3.74E-02 0.99E-02 
9 -2.66E-02 4.36E-02 1.48E-02 

10 -1.52E-02 6.00E-02 3.57E-02 

1 -4.62E-02 O.OOE-02 1.85E-02 
2 -3.97E-02 0.I9E-02 -0.99E-02 
3 -3.93E-02 0.41E-02 -1.47E-02 
4 -3.89E-02 0.64E-02 -1.22E-02 
5 -3.90E-02 0.96E-02 O.OOE-02 
6 -3.75E-02 1.04E-02 -0.36E-02 
7 -3,45E-02 1.2IE-02 -0.13E-02 
8 -2.80E-02 1.38E-02 0.93E-02 
9 -2.25E-02 1.50E-02 0.73E-02 

1 6.14E-02 2.50E-02 O.OOE-02 
2 4.72E-02 3.47E-02 3.20E-02 
3 3.55E-02 3.87E-02 2.97E-02 
4 2.93E-02 4.26E-02 2.30E-02 
5 2.36E-02 4.54E-02 1.7IE-02 
6 1.92E-02 4.83E-02 1.32E-02 
7 1.72E-02 5.01E-02 0.66E-02 
8 1.47E-02 5.32E-02 0.52E-02 
9 1.36E-02 5.54E-02 0.21E-02 

10 0.73E-02 6.00E-02 3.77E-02 
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Table 3-7 (continued): Muscle attachment points in body fixed reference frames 

Muscle Body Number x (m) y (m) z (m) 

trapezius 
1 -5.29E-02 lO.OE-02 O.OOE-02 
2 -4.32E-02 8.I8E-02 -I.I6E-02 
-•* J -4.51E-02 7.3IE-02 -1.82E-02 
4 -4.77E-02 6.37E-02 -I 67E-02 
5 -5.29E-02 4.71 E-02 O.OOE-02 
6 -5.23E-02 4.36E-02 -0.34E-02 
7 -5.14E-02 3.95E-02 -0.55E-02 
8 -4.79E-02 3.18E-02 1.I2E-02 
9 -3.98E-02 2.24E-02 1.90E-02 

10 -3,10E-02 0. OOE-02 2.97E-02 
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CHAPTER 4 

MODEL IMPLEMENTATION AND VALIDATION 

The computer model of the human head and neck was run in different test 

configurations to evaluate its biofidelity. These configurations were a) holding the head 

upright with gravity, b) full flexion and fiill extension, c) dynamic loading in flexion, and d) 

dynamic loading in lateral bending. The head/neck model was assessed dynamically in 

flexion in two forms: a) the head/neck model was loaded at T1 and b) the head/neck 

model combined with a full body model loaded by a sled pulse to the body. In all of these 

test configurations, the model was evaluated to determine if the head and neck kinematics 

reflected motions of a human. 

4.1  Stat ic  and Quasi-Stat ic  

4.1.1 Holding Head Upright 

The cervical curve of the spinal column places the head anterior of T2. With 

gravity acting on the system as well as the inherent pretension within the muscles, the head 

naturally "falls" forward if not resisted by the intrinsic stiffness of the intervertebral joints, 

and the passive and active forces of the extensor muscles. 

To illustrate this effect, the model was run in a quasi-static mode (gravity and 

muscle pretension acting on the system with no muscle activation). As expected, in this 

mode the head flexes forward, reaches a flexion limit, and rebounds. As shown in Figure 
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4-1, the model continues oscillating with minimal damping. Next, the model was run with 

all of the muscles activated .5%, the reported activation value for muscles at rest (Hatze 

1981). In this mode, the model oscillated as before but wnth greater damping. It is 

logical to assume that the extensor muscles would have a greater activation value at rest 

than the flexors, given that the head naturally tends to flex forward with gravity. Applying 

a range of activation values to the extensors, 1% to 5%, it was determined that an 

activation level of 2% for the extensors and .5% for the flexors best described the system 

at rest. With these activations applied, the head displacement oscillations dampened to an 

amplitude of less than 1 mm within 300 ms and the head came to rest with 0y near 0° 

(which corresponds to the initial angular position of the head). The resultant change in the 

linear position of the center of mass of each body relative to its adjacent body was 

approximately 1mm (Figure 4-2A). Moreover, all motion during this experiment remained 

symmetric about the mid-sagittal plane (Figure 4-2B). All analyses shown in the sequel 

start with the muscle pretensions and gravitational accelerations applied. Subsequently, 

the analyses begin after the pretensioning stabilizes over a period of 300 ms. 

As is depicted in Figure 4-3, the forces generated by the individual muscles during 

the gravity and pretensioning stage, are comprised of components from both the passive 

and contractile elements. As is evident in the figure, there are differences between 

extensors and flexors in terms of the composition of the forces they generate. The forces 

within the flexors are highly dependent upon the passive element while the extensors have 

a larger component of force attributable to the active element with the passive element 
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accounting for more than 25% of the total. Overall, the passive element plays a key role 

in the quasi-static, upright positioning of the head. 

The static, upright position analysis is unique in comparison to the recently 

reported head/neck models of De Jager (1996) and Van der Horst (1997). In these 

studies, gravity was not applied and muscle pretension was ignored. Without pre-

tensioning, the contribution of the passive element is not adequately defined the beginning 

of a test load analysis. 

1 

Extensor Activation 
0 
.5% 

1% 
2% 
3% 
5% 

.1 

\ / 

15 
0 200 400 600 800 

Time (ms) 

Figure 4-1: Variation of head angle with time for various extensor muscle activation 
levels 
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Figure 4-2 A and B: Side and front view of head/neck model with gravity and muscle 
pretension applied 
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longissimus cervicts 

longisstmus capitis 
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spinalis cervicis 

spinalis capitis 

splenius cervicis 

splenius capitis 
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Figure 4-3: Composition of muscle forces for keeping the head in the upright position 
under the action of gravity (the numbers indicate the proportion of force 
attributable to passive muscle) 

4.1.2 Full Flexion - Full Extension 

The model, with the muscle geometry defined at each vertebral level (Section 

3.2.2.3), was tested for flexibility in the full flexion and full extension positions. In the 

case of full flexion, the flexor muscles were activated at 100% and the extensors at 0% 

(Figure 4-3 shows the flexor/extensor classifications). The head initially oscillated but 

93% Flexors 
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came to rest with 9y equal to -53° after approximately 300 ms. The linear position of the 

head was 91 mm forward and 73 mm below its initial position (see Figure 4-4). In full 

extension, the extensor muscles were activated at 100% and the flexors at 0%. After 

approximately 300 ms, the head ceased oscillating and came to rest with 0y equal to 71° 

The linear position of the head was 124 mm rearward and 50 mm below its initial position 

(see Figure 4-5). In both cases, the head angle fell within the limits report by Buck et al 

(1959), namely 50° to 90° for flexion, and 51° to 92° for extension. 

53 

Figure 4-4: Position of the head at rest and at full flexion 
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Figure 4-5: Position of the head at rest and at full extension 

The full flexion and fiill extension experiments were performed for three different 

geometric configurations of muscles; a) two-point linear attachment, b) three-point 

attachment, and c) multiple point attachment using a second order spline. The range of 

motion for full flexion and full extension differed for the three configurations. Figures 4-6 

and 4-7 depict the model in full flexion and full extension with the muscles. At rest, the 

differences are not evident, but as expected, in full flexion and extension the line of action 

of the muscles are substantially different. Table 4-1 describes the differences in the 

resuhing ranges of motion with the three configurations. In all three cases however, the 

angles of head travel (0y) falls within the ranges of motion reported by Buck et al (1959). 
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Figure 4-6: Head/neck model in full flexion depicting muscles with A) linear, B) bilinear, 
and C) second order spline 

Figure 4-7: Head/neck model in full extension depicting muscles with A) linear, B) 
bilinear, and C) second order spline 

Table 4-1: Flexion/extension range of motion for different types of muscle geometry 

Muscle Geometry Full Full 
Flexion Extension 

Linear (Figure 4-6,7 A) 78° 85° 
Bilinear (Figure 4-6,7B) 58° 80° 
Second Order Spline (Figure 4-6,7C) 53° 71° 
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4.2 Head/Neck with Linear Acceleration Input 

The head/neck model described in Section 3.2 (using multipoint muscle 

attachment) was validated for complex motion against experimental data generated by 

Ewing et al (1978) at the Naval Biodynamics Laboratories (NBDL) in the 1970's and 

1980's. These tests subjected several male volunteers to acceleration environments so as 

to study the head and neck structure in flexion, lateral bending, axial loading, and oblique 

forward motion. The male subjects were strapped onto a HYGE acceleration sled and 

instructed not to anticipate the event (test subjects were subjected to more than one 

event). Their torsos were held upright and constrained with the use of shoulder straps, a 

lap belt, an inverted V-pelvic strap, upper arm and wrist restraints, and a loose safety belt 

around the chest. This strap system was intended to restrain the torso as much as possible 

and concentrate solely on the head and neck dynamics. A measurement device was 

harnessed on the neck at the level of the T1 vertebra which incorporated a set of 

accelerometers as well as photographic targets (see Figure 4-8). A group of 

accelerometers was also held in the mouth of the volunteer. With the sled initially at rest, 

a predetermined acceleration pulse was input to the sled, and starting at a set time zero the 

time histories of the instrumentation were recorded. A detailed account of the test 

procedure and instrumentation is described in Ewing et al (1978). 
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LX138Q 

Figure 4-8: NBDL test setup - front and side view 

Table 4-2 details the significant anthropometric measurements for the subjects 

involved in these tests. Definitions of the anthropometric variables can be found in Ewing 

and Thomas (1973). Table 4-3 lists the mass distribution estimates for the head calculated 

by Wismans (1985), who utilized the anthropometric data for the head listed in Table 4-2 

and applied regression equations reported by McConville et al (1980). These 

measurements were further corrected for instrumentation weight and position (Wismans 

1986). 
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Table 4-2: Anthropometric measurements of NBDL volunteers 

Subject Standing Weight Sitting Head Head Head Initial 
number height height circum breadth length length 

(cm) (kg) (cm) ference (cm) (cm) (m) 
(cm) 

H00118 185.5 73.8 97.9 57.0 14.4 20.3 0.172 
H0012I 172.6 83.0 91.1 58.6 15.6 20.2 0.172 
H00127 172.3 62.1 89.8 54.2 14.9 18.5 0.162 
H00130 180.1 72.6 94.5 56.5 14.9 19.7 0.180 
H00131 167.0 67.6 90.0 57.5 15.4 19.6 0.156 
H00I32 172.9 79.8 89.6 57.9 15.7 19.7 0.141 
H00I33 161.7 61.2 86.8 56.1 14.7 19.4 0.165 
H00I34 178.3 75.3 93.0 56.6 14.4 19.4 0.158 
H00135 171.6 68.9 90.7 53.5 14.6 17.9 0.150 
H00I36 185.4 88.9 92.3 56.4 15.0 19.4 0.173 
H00I38 186.0 78.9 99.2 57.1 15.4 19.8 0.174 
H00139 174.4 72.6 94.3 57.2 15.7 19.4 0.164 
H00140 177.3 86.2 94.5 56.7 15.4 19.0 0.173 
H00141 183.3 80.7 95.6 55.4 15.2 19.2 0.175 
H00142 182.3 87.5 95.6 56 4 14.9 19.5 0.161 

Table 4-3: Head mass distribution measurements for the head of NBDL volunteers 

Subject Mass lyy Izz 

Number (kg) (kg-m^) (kg-m") (kg-m^) 
H00118 4.79 0.0266 0.0303 0.0149 
H0012I 5.14 0.0297 0 0331 0.0169 
H00127 4.40 0.0239 0.0252 0.0129 
H00130 4.75 0.0266 0.0294 0.0148 
H00131 4.98 0.0283 0.0311 0.0160 
H00132 5.05 0.0290 0.0319 0.0164 
H00133 4.70 0.0259 0.0286 0.0145 
H00134 4.81 0.0261 0.0295 0.0151 
H00135 4.32 0.0228 0.0240 0.0125 
H00136 4.77 0.0266 0.0292 0.0149 
H00138 4.87 0.0278 0.0304 0.0154 
H00139 4.94 0.0282 0.0306 0.0158 
H00140 4.88 0.0273 0.0297 0.0155 
H00141 4.57 0.0256 0.0273 0.0138 
H00142 4.75 0.0264 0.0292 0.0148 
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The time dependent data from the tests was processed at NBDL using an 'in-

house" analysis program, EASYFLOW. Wismans et al (1986) and Thunnissen et al 

(1995) reviewed the tests and analyzed a group of nine data sets where the sled pulse was 

14 g or greater. Utilizing the time dependent data from the nine tests, they determined the 

average sled pulse (Figure 4-9), the average T1 linear acceleration along the x axis, and 

the Tl rotational displacement about the y axis. Subsequently, Thunnissen et al (1995) 

refined the Tl acceleration data taking into account the rotation of the reference frame 

attached to T1. It was determined in this study, as well as studies by Wismans et al 

(1986), Brelin-Fomari (1996), and De Jager (1995), that the rotational kinematics about 

the y axis and the linear acceleration in the z-direction of Tl had negligible effect on the 

behavior of the head/neck model. In other words, it was concluded that it is sufficient to 

use the average linear acceleration of Tl as input to the model without taking into account 

rotational motion. Therefore, only the Tl linear acceleration in the x-direction (Figure 4-

10) was used as the driving parameter for the head/'neck model in flexion/rebound in this 

work. 
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Figure 4-9: Average sled pulse (± std. deviation) for the nine high severity human 
volunteer tests 
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Figure 4-10: Average TI linear acceleration in the -x direction, for the nine high severity 
human volunteer tests 

The NBDL volunteer tests in lateral bending (+y) were similar to the ones in 

flexion. However, in these tests, the belt restraint system implemented in the flexion tests 
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was supplemented by a 25 cm chest strap to minimize the load to the right shoulder. Also, 

a lightly padded wooden board was placed against the right shoulder of the volunteer to 

limit upper torso motion (Ewing 1978). Again, the data from the tests was processed at 

NBDL using an "in-house" analysis program, EASYFLOW. Wismans et al (1986) 

reviewed the tests and analyzed a group of nine tests where the sled pulse was 7 g or 

greater to determine for this group of tests, the average sled pulse (Figure 4-11), and the 

average T1 linear acceleration (Figure 4-12). 
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Figure 4-11: Average sled pulse for +y direction tests 
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Figure 4-12: Average T1 linear acceleration for +y direction tests 

4.2.1 Isolated Head/Neck Validation Runs 

In this set of validation runs, the T1 linear acceleration in the x-direction was 

applied to the head/neck model on its own (see Figure 4-13). The passive muscles within 

the model were pretensioned as described in Section 3 .2.3.2. The contractile portion of 

the muscles, implemented the length-based muscle activation/deactivation scheme 

described in Section 3.2.3.1.2. Gravity was also applied to the system. 
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Figure 4-13: Acceleration input for head/neck model in flexion 

During these runs, the activation level of the contractile elements of the neck 

muscles varied in magnitude from .5% to 70% depending on the muscle length. At the 

initial onset of neck flexion, all of the flexors shortened except for the longus capitis and 

the longus colli. These two muscles lengthened since the neck structure lengthened (head 

extended out along the z axis), but the longus colli did not sustain this lengthening for 

longer than 20 ms and, therefore, did not activate. The longus capitis was activated for a 

short duration, deactivated, and then activated again when lengthened during head 

rebound. All of the extensors did lengthen to varying degrees, and therefore activated 

after 90 ms of onset of the sled pulse (the T1 input time zero was in sync with the sled 

time zero). Deactivation began 70 ms later. The extensors did not reactivate during this 

analysis. Most flexors began to activate at 180 ms and began deactivating 70 ms later. 

Due to the symmetrical nature of flexion, all of the extensors activated at the same time. 
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and even though the amount of elongation varied for each muscle, they deactivated at the 

same time. The flexors behaved in a similar manner. Table 4-4 lists the 

activation/deactivation properties of all the neck muscles that were monitored during this 

analysis 

Table 4-4: Muscle properties during -x loading of the head/neck model 

Muscle Activation Deactivation Peak activation 
time* time* level 
(ms) (ms) (%) 

longissimus capitis 90 160 70 
longissimus cervicis 90 160 70 
longus capitis 90 and 200 100 and 260 10 and 60 
longus colli 180 250 70 
scalenus anterior 180 250 70 
scalenus medius 180 250 70 
scalenus posterior 180 250 70 
semispinalis capitis 90 160 70 
semispinaluis cervicis 90 160 70 
spinalis capitis 90 160 70 
spinalis cervicis 90 160 70 
splenius capitis 90 160 70 
splenius cervicis 90 160 70 
sternocleidomastoid 180 250 70 
trapezius 90 160 70 

* Measured from moment of onset of sled acceleration 

As seen in Table 4-4, activating the contractile element of the muscle on the basis 

of muscle length results in the extensor muscles activating 90 ms after the onset of sled 

acceleration. This figure correlates well with reaction times measured by other 

researchers. Recall, Reid et al (1981) and Forssburg and Hirschfeld (1994) measured 



109 

neck muscle reaction times as 90 ms, and within a range of 75 to 120 ms. This analysis 

shows that activation based on muscle length, on the average, correlates well with 

analyses based on reaction times, but allows for flexible, individualized activation schemes 

for each muscle. 

The maximum force generated by each muscle is comprised of forces generated by 

the contractile and the passive elements. Figure 4-14 shows how the total maximum force 

breaks down into these two components for each muscle in the model. Even though the 

passive element may not be dominant when the maximum force is generated, it is still a 

necessary component of the muscle model generating up to 28% of the peak force. Peak 

force was achieved at 140 to 163 ms (after onset of sled acceleration) for the extensors 

and 241 to 250 ms for the flexors. Because of the dominance of the contractile element at 

the force apex, the time at which this occurs corresponds to maximum activation as one 

would expect. 
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Figure 4-14: Maximum muscle forces for head/neck in flexion/rebound (numbers indicate 
the percent of force attributable to passive muscle) 

Beside muscle force (passive, active, and total), activation, and length, muscle 

lengthening velocity may also be of interest. Figure 4-15 depicts the time history of these 

muscle parameters for a typical extensor (trapezius) and flexor (sternocleidomastoid). 

The resulting head kinematics are presented in pictorial form in Figure 4-16. 

Figure 4-17 charts the behavior of the model in comparison to NBDL data. As indicted in 

the figure, the solid lines represent the response of the model with the variable 
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activation/deactivation scheme and the dotted lines represent an envelope of head 

response, bounded by the high and low values, of the nine high "g" NBDL tests that were 

aniyzed by Wismans (1986). As is evident from the figure, head kinematics produced by 

the model correlate well with the NBDL data for the 300 ms interval considered. The 

NBDL data envelope reported in Figure 4-17 titled "Angular Displacement of the Head", 

was limited to the first 180 ms. 

To illustrate the effect of muscle activation on the response of the head/neck 

model, analyses were performed with a) no activation (passive muscles only) b) static 

activation (.5% activation of flexors and 2% activation of extensors at all times) and c) 

variable, length-based activation/deactivation as described above. The same TI linear 

acceleration input used earlier was applied. Figure 4-18 compares the head kinematics of 

the variable activation/deactivation scheme to that with no activation. Figure 4-19 

compares the linear and angular acceleration of the head with all three activation schemes 

implemented. 
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Figure 4-16: Pictorial time history of head/neck flexion and rebound: side view 
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Figure 4-19 A and B: Comparison of head acceleration in flexion for muscles that are 
active, passive, and steady state active 

The response from the model with passive muscles does not vary greatly from that 

with active muscles until approximately 170 ms. After that time, an oscillating pattern is 

evident in the passive muscle run. The activation/deactivation of the muscles dampen 

head motion. Thus, an important result of this analysis is that rebound cannot be modeled 

without the deactivation of the extensors and activation of the flexors, because the 

oscillations of the head would otherwise dominate the rebound effect. 

Only linear and angular acceleration of the head were included in Figure 4-19 since 

it is evident from these parameters that the static activation of the muscles produces head 

kinematics which is almost identical to that produced by zero activation. This negligible 
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difference is not surprising since static activation is small and the head acceleration 

oscillations are not dampened by any significant amount. 

4.2.2 Full Body Model 

The same head/neck model used in the previous analysis was evaluated as part of a 

full body model. A validated 50"* percentile male Hybrid III computational model, 

developed and copyrighted by TNO Road-Vehicles Research Institute (MADYMO 

Database Manual 1994), was used. The rigid bodies representing the Hybrid III head/neck 

were removed and the head/neck model described in Section 3.2 was incorporated with 

the Hybrid III torso at the C7-T1 joint (Figure 4-20) (Bishop 1986). The T1-T2 

connection was locked and the TI and T2 body masses were made negligible since the 

Hybrid III model torso includes the mass of the thoracic spine. The T1 and T2 bodies 

remained in the model so that the muscle connections would be identical to those of the 

head/neck model. This fiill body model consisted of 37 rigid bodies connected by various 

dynamic joints (Figure 4-21). The current full body model is not recommended for lateral 

testing since the mechanical response of the Hybrid III ATD torso was not designed or 

validated for lateral deflection. 
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Figure 4-20; Comparison of human cervical spine to the Hybrid III anthropomorphic 
neck 

Figure 4-21: Hybrid III with modified head and neck - front and side view 
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In using the fiill body model for validation, it was necessary to add a belt and seat 

model with the Hybrid III and define contacts between the anthropomorphic test device 

(ATD), the seat, and the belt. For the belt, models available in MADYMO were used. 

The MADYMO model allows for various belt segments to be connected to each other to 

form continuous shapes. The ends are connected to the body and act upon the body at 

that point. The belt was allowed to slip between the segment points. A friction coefficient 

of 0.15 was used between the belt and the dummy based on Manning (1996). Because 

belt material properties were not available from NBDL, a linear force-elongation 

relationship was assumed for the material properties of the belt segments. More 

specifically, the elastic stifftess equation suggested by Manning (1996): 

where Fbeit is the force in the belt segment and Ax is the change in the length of the belt 

segment. The belt system modeled did not incorporate retractors, slip rings, or pre-

tensioning devices even though such capabilities are available within MADYMO. The belt 

ends were rigidly attached to the sled system. 

A contact model available within MADYMO was used. The contacts between the 

ATD and the seat back and bottom were defined as an ellipsoid (torso) to plane (seat 

back or bottom) contacts. The dry constant fnction coefficient, .29, for the seat bottom to 

lower torso was based on experimental values (MADYMO Application Manual). The 

contact model utilized a relationship between the damping coefficient and the elastic force. 

Table 4-5 lists the values suggested by MADYMO for this relationship. 

(3-19) 
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Table 4-5: Damping coefficient - elastic force relation for seat bottom-lower torso 
contact 

Damping 
Coefficient 

Elastic Force 
(N) 

0.0 
1190.0 

10088.0 

0.0 
1927.0 

10274.0 

The head/neck model described in Section 3.2 was mounted on the TNO computational 

model of the Hybrid III and the combined model was run using the pulse history of the 

sled (previous Figure 4-9) as input. Figure 4-22 compares the T1 linear acceleration in the 

x-direction between the computed value from the combined model to the measurements 

taken at NBDL. As evident from the figure, the correlation between the two is excellent. 

Therefore, the body and restraint portion of the combined model responds similarly to the 

volunteer. 

Figure 4-23 shows the behavior of the full body model in flexion and rebound in 

pictorial form. Full flexion occurs at approximately 140 ms in the analysis, and full 

rebound occurs at 300 ms, the end of the analysis. A graphical comparison of the 

response of the head kinematics to the NBDL data are depicted in Figures 4-24. 
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Figure 4-22: Comparison of T1 kinematics - NBDL tests versus full body model 
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Figure 4-23: Pictorial time history of full body model in flexion 
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Figure 4-24: Comparison of head kinematics - full body model versus NBDL tests 
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The head kinematics of the full body model exhibits excellent correlation with the 

NBDL data in both peak values and curve shape. There is a consistent discrepancy in 

acceleration response between 160 to 180 ms. Although not extreme, an additional data 

peak appears in this range. A review of the animation of the model shows that the ATD 

tends to rebound from interaction with the seat during this period. Since material 

properties for the interaction between the volunteers and the seat used during testing were 

not available, the material property generalizations used in the model may account for the 

small discrepancy. 

In reviewing the muscle response, it was found that the extensors began to activate 

at 80 ms or 10 ms sooner than the head neck model running on the T1 input. (An 80 ms 

activation onset based on muscle length and measured from the beginning of the sled 

pulse, also falls within the range of reaction times reported by Forssberg and Hirschfeld 

(1994)) Similarly, deactivation began 10 ms sooner than the head/neck model on its own. 

Peak activation of the extensors remained the same between the two models. The flexors 

were activated at 170 ms, again 10 ms sooner than the head/neck model muscles. The 

lengthening of the flexors resulted in a 100% activation level and deactivation at 270 ms 

In comparison, the head/neck model flexor muscles had a peak activation of 70%, 

remaining active for 30 ms less than in the full body model. Overall, the flexor and 

extensor muscles acted in unison except for the longus capitis, the only flexor muscle to 

lengthen and activate during forward flexion. The longus capitis also lengthened and 

activated during head rebound along with the rest of the flexors (Table 4-6). 
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Table 4-6: Activation properties of neck muscles during -x loading of the full body model 

Muscle Activation Deactivation Peak activation 
time* time* level 
(ms) (ms) (%) 

longissimus capitis 80 150 70 
longissimus cervicis 80 150 70 
longus capitis 80 and 185 115 and 270 35 and 100 
longus colli 170 270 100 
scalenus anterior 170 270 100 
scalenus medius 170 270 100 
scalenus posterior 170 270 ICQ 
semispinalis capitis 80 150 70 
semispinaluis cervicis 80 150 70 
spinalis capitis 80 150 70 
spinalis cervicis 80 150 70 
splenius capitis 80 150 70 
splenius cervicis 80 150 70 
sternocleidomastoid 170 270 100 
trapezius 80 150 70 

* Measured from moment of onset of sled acceleration 

A comparison of the head kinematic responses between the head/neck model and 

fijll body model are depicted in Figure 4-23. 
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Figure 4-25: Comparison of head kinematics - head/neck model versus fiill body model 
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The two models, head/neck model driven by the T1 linear acceleration and the full 

body model driven by the sled pulse, correlate closely in head kinematics even though 

there is a 10 to 15 ms response difference in kinematics. There is greater rebound head 

rotation in the head/neck model. Recall that in the head/neck model, the peak activation 

of the flexors was only 70% (Table 4-4), whereas the peak activation was 100% in the flill 

body model (Table 4-6). This activation (deactivation) was dictated by the head motion, 

which may be different in rebound due to the interaction characteristics of the full body 

model with the seat and the inertial coupling between the head/neck and the rest of the 

body. Therefore, it is not necessarily the activation/deactivation of the muscles causing 

the differences in head kinematics, but other model properties. 

4.2.3 Lateral Motion 

The head/neck model was validated by applying the measured 7 g peak lateral 

impulse to T1 (see Figure 4-26). The asymmetrical nature of the human neck about the 

mid-frontal plane results in "true" three-dimensional motion of the head during lateral 

loading; the head not only rotates about the x axis, but the +y impulse causes rotation 

about the y and z axes. In the model runs, when activation was based on muscle length, 

this complex motion resulted in muscle activation schemes individualized for each muscle, 

the muscles did not act in unison as in flexion. To describe the behavior of the muscles 

more clearly, they were divided into four groups depending on the quadrant of the 

transverse motion space they acted. These quadrants are defined in Figure 4-25. Even 
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with this grouping scheme, as shown in Table 4-7, they did not activate/deactivate 

synchronously or exhibit the same level of activation. The flexors (which are in quadrants 

I and IV) do tend to act more synchronously than the extensors. 

Figure 4-26; Driving mechanism on the head/neck model for lateral bending 
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Figure 4-27: Definition of quadrants in the transverse plane 
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Table 4-7: Muscle behavior during +y loading of the head/neck model (sorted by 
quadrant) 

Muscle Quadrant Activation Deactivation Peak activation 
time time level 
(ms) (ms) (%) 

sternocleidomastoid I 90 190 100 
scalenus anterior I no 180 70 
scalenus medius I no 180 70 
scalenus posterior I no 180 70 
longus capitis I no 190 80 
longus colli I no 190 80 
semispinalis capitis II 80 140 60 
semispinalis cervicis II 80 140 60 
longissimus cervicis II 80 180 100 
spinalis capitis II 80 180 100 
trapezius II 80 180 100 
spinalis cervicis II 120 140 20 
splenius cervicis II 120 150 30 
longissimus capitis II 120 160 40 
splenius capitis II 120 160 40 
longissimus capitis III 180 220 40 
longissimus cervicis III 180 220 40 
semispinalis cervicis III 180 220 40 
spinalis capitis III 180 220 40 
splenius capitis III 180 220 40 
splenius cervicis III 180 220 40 
semispinalis capitis III 200 250 50 
spinalis cervicis III 200 250 50 
trapezius III 200 250 50 
longus capitis IV 160 250 90 
longus colli IV 160 250 90 
scalenus anterior IV 160 250 90 
scalenus medius IV 160 250 90 
scalenus posterior IV 160 250 90 
sternocleidomastoid IV 160 250 90 
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Again, the peak force of each muscle was composed of the forces generated in 

both the passive and contractile elements. Figure 4-28 shows the composition of muscle 

forces in lateral bending. The percentage of passive force was greatest in the muscles 

reaching peak activation around 160 ms. This is logical since the head displacements were 

greatest at approximately 160 ms. The maximum forces for the muscles in quadrant I 

occurred in the range of 160 to 174 ms. Those in quadrant II occurred earlier, in the 

range of 127 to 151 ms. The force apex was reached in quadrant III in the range of 235 to 

250 ms and those in quadrant IV were more widespread, in the range of 221 to 250 ms. 

Note that the passive forces within the peak muscle forces in quadrant FV were largely 

zero. This can be attributed to the displacement of the head being near its initial position,. 

A pictorial time history of the lateral motion of the head/neck model is shown in 

Figure 4-29. It is difficult to depict the muhi-axis rotation of head pictorially but the time 

history plots in Figure 4-30 exhibit the complex, six degree of freedom motion. Figure 4-

30 compares the head kinematics for the lateral runs of the head/neck model to the NBDL 

data. Again, overall there is very good correlation between the NBDL data and model in 

curve shape. The model did reach peak values in all responses reported except for the 

angular displacement about the z axis and the linear displacement in both the y and z 

direction. This slight deviation may be due to the greater number of extensors modeled 

than flexors. Since the motion of the head either falls within or short of the displacement 

corridors, activating all muscles a greater amount at rest (as if anticipating motion) does 

not seem likely since it would only stiffen the response. In other words, activating all of 

the muscles at time zero to simulate the effect of anticipating and counteracting the onset 
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of head motion, would only reduce the head displacement and the response would fall 

outside the response corridors to a greater extent. 
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170 ms 210 ms 250 ms 

Figure 4-29: Pictorial time history of head/neck model in lateral bending 

Note that the muscles that are below their rest length are visually "sagging" (evident at 

170 ms). These muscles are not generating forces until they are stretched past their rest 

length. 
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

A computer model of the human head and neck incorporating active and passive 

muscles was developed and validated against static and dynamic experimental data. The 

model was implemented using the commercial analysis program MADYMO. The current 

model incorporates a number of new features and improvements over two past similar 

models (De Jager 1996, Van der Horst 1997) which were also implemented in 

MADYMO. These features include: 

• Pretensioning of extensor and flexor neck muscles to reflect in situ passive muscle 

forces. 

• Variable and dynamic activation of muscles based on muscle length. 

• Variable and dynamic muscle deactivation based on muscle length. 

• Activation and deactivation of flexor as well as extensor muscles. 

• Simulation and validation beyond full flexion of the neck and during rebound (up 

to 300 ms after onset of sled acceleration). 

• A fiill body model with a detailed head and neck. 

Thanks to these features, the model produces simulation results that are consistent 

with published data not only in the "high g" horizontal and lateral input acceleration range 

but also in the static or quasi-static conditions in ambient vertical gravity. Moreover, 
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because of the presence of the deactivation feature, the model is able to capture the 

rebound of the head in extension, and its simulation output to the -x acceleration input, 

compares well to experimental results in the 200 ms to 300 ms range after the onset of 

sled acceleration. Simulation results in this time range were not reported in De Jager 

(1996) and Van der Horst (1997). The following text contains a detailed account of the 

conclusions for each analysis. 

In the analysis of holding the head upright under gravity, it was necessary to 

activate the extensors 2% and the flexors .5%. When the head was at static equilibrium 

under these conditions, all of the bodies were within 1 mm of there pretest position to its 

adjacent body and the head angle was in pretest alignment about the y-axis of the global 

reference fi-ame. Also, it was noted that the force of the passive muscles played a 

significant role in holding the head upright. 

The model with multipoint muscles, was tested in full flexion and full extension to 

evaluate the head motion limits. For the analysis of full flexion, the flexors were activated 

100%. The head angle came to rest at an angle of -53° about the y-axis. This angle falls 

was within the range reported in literature of -50° to -90°. For the analysis of full 

extension, the extensors were activated 100%. The head angle came to rest at an angle of 

71° about the y-axis. This angle falls was within the range reported in literature of 51° to 

92°. The model also run in full flexion and fiill extension with muscles modeled with 

a) two connection points and b) three connection points. The range of motion of these 

two models differed from the multi-point model in that they were both more flexible. 
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The head/neck model was run dynamically in flexion and rebound by inputting an 

acceleration pulse at the TI level. The kinematic head response correlated well with the 

NBDL data it was meant to reflect. The active muscle scheme, based on muscle length, 

allowed for individual muscle activation and deactivation times, with variable activation 

levels. The flexors and extensors acted in unison when activating and deactivating. Two 

flexor muscles lengthened during forward flexion due to the neck elongation (head 

translated along the z axis). Activating based on muscle length correlated well with 

activation times reported in literature based on reaction times. Deactivation and activation 

of flexors was necessary to model the system through rebound. 

The full body model exhibited excellent correlation with the NBDL data evident 

not only by the comparison of the Tl acceleration in the -x direction but by the overall 

head kinematic data,. The flexors and extensors acted in unison as far as activation and 

deactivation. Overall, the full body model proved to be a viable tool for examining head 

motion in analytical flexion testing. 

When comparing the full body model to the head/neck model, the acceleration and 

displacement of the head were very similar between the two even though there were slight 

differences in the muscle activation and deactivation timings. The onset of activation of 

each muscle in the full body model in comparison to its counterpart in the head/neck 

model, differed by 10 ms but, the peak activation of the extensors was identical. The peak 

activation of the flexors was greater for the full body model over the head neck model, 

100% to 70%. Use of the head/neck model or the full body model proved to be two 

alternatives for examining head acceleration and displacement. 
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In testing the head/neck model in lateral bending, the model correlated well with 

the NBDL data even though the head response in the z-direction was slightly stiff. The 

muscle activation scheme based on muscle length established that very few muscles 

displayed the same timing for activation and deactivation or the same peak activation 

levels. A full body lateral test was not performed since the torso of the Hybrid III was not 

developed or calibrated for lateral deflection. 

5.2 Recommendations 

The joint stiflEhesses utilized within this model were linear and elastic. While there 

were advantages and disadvantages sited for this modeling technique, non-linear joint 

stiffhess properties could be evaluated and implemented if necessary. 

Yoganandan et al (1989) reported (prior to extensive implementation of airbags in 

automobiles) a "strong association exists between craniofacial injury and serious cervical 

spine trauma; the overall beneficial role of belt restraint in the reduction of serious cervical 

spine injuries is most likely due to inhibition of head/face impact with vehicle contact". 

For this reason (as well as airbag/head/neck interaction in current automobile frontal 

collisions), future modeling work could benefit by implementing deformation properties of 

the head to use in an impact, contact model. This would allow the model to be utilized for 

a larger subset of dynamic events. 

The head/neck model can be further developed by evaluating the model response 

to dynamic tests executed in directional loading conditions other than flexion and lateral 

bending. Currently, test data is not publicly available for volunteer tests in extension (rear 
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impaa). When the data does become available, both the head/neck model and the 

combined full body model, could benefit fi'om being evaluated against it. Data is available 

for oblique, fi^ontal loading. While this motion, a combination of flexion and lateral 

bending, was evaluated in this study, the combination of these motions can assist in 

evaluating complex three-dimensional motion. 

The Hybrid III 50"* percentile male mathematical model used in this study was not 

validated for lateral loading in the torso and therefore, the fiill body model could not be 

run in lateral bending. Another anthropomorphic test device named BioSID, was 

developed specifically for lateral impact testing and would be an excellent candidate to 

evaluate lateral bending with the head/neck model combined with a full body model. 

It would be beneficial to develop a library of full body models to accommodate 

testing with large males (95''' percentile), small females (5"* percentile), children (6 year 

old), and infants (CRABI). 
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