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Abstract 
Injuries to the head and neck are potentially the most severe injuries in humans, since they 
may damage the nervous system. In accidents, the cervical musculature stabilizes the neck in 
order to prevent injury to the spinal column and is also a potential site for acute muscle strain, 
resulting in neck pain. The musculature is consequently an important factor in the 
understanding of neck injuries. There is however a lack of data on muscle response and little is 
known about the dynamics of the individual muscles. In this thesis the numerical method of 
Finite Elements (FE) is used to examine the importance of musculature in accidental injuries. 
In order to study the influence of a continuum musculature, a 3D solid element muscle model 
with continuum mechanical material properties was developed. It was hypothesized that a 3D 
musculature model would improve the biofidelity of a numerical neck model by accounting for 
the passive compressive stiffness, mass inertia, and contact interfaces between muscles. A solid 
element representation would also enable the study of muscle tissue strain injuries. 
 
A solid element muscle model representing a 50th percentile male was created, based on the 
geometry from MRI, and incorporated into an existing FE model of the spine. The passive 
material response was modeled with nonlinear-elastic and viscoelastic properties derived from 
experimental tensile tests. The active forces were modeled with discrete Hill elements. In the 
first version of the model the passive solid element muscles were used together with separate 
active spring elements. In the second version the active elements were integrated in the solid 
mesh with coincident nodes. This combined element, called the Super-positioned Muscle 
Finite Element (SMFE), was evaluated for a single muscle model before it was incorporated in 
the more complex neck muscle model. The main limitation of the SMFE was that the serial 
connected Hill-type elements are unstable due to their individual force-length relationship. The 
instabilities in the SMFE were minimized by the addition of passive compressive stiffness 
from the solid element and by the decreased gradient of the force-length relation curve.  
 
The solid element musculature stabilized the vertebral column and reduced the predicted 
ligament strains during simulated impacts. The solid element compressive stiffness added to 
the passive stiffness of the cervical model. This decreased the need for additional active forces 
to reproduce the kinematic response of volunteers during impact. The active response of the 
SMFE improved model biofidelity and reduced buckling of muscles in compression. The solid 
element model predicted forces, strains, and energies for individual muscles and showed that 
the muscle response is dependent on impact direction and severity. For each impact direction, 
the model identified a few muscles as main load carriers that corresponded to muscles 
generating high EMG signals in volunteers. The single largest contributing factor to neck 
injury prediction was the muscle active forces. Muscle activation reduced the risk of injury in 
ligaments in high-energy impacts. The most urgent improvements of the solid element muscle 
model concerns: the stability of the SMFE; the boundary conditions from surrounding tissues; 
and more detailed representations of the myotendinous junctions. The model should also be 
more extensively validated for the kinematical response and for the muscle load predictions.  
 
It was concluded that a solid muscle model with continuum mechanical material properties 
improves the kinematical response and injury prediction of a FE neck model compared to a 
spring muscle model. The solid muscle model can predict muscle loads and provide insight to 
how muscle dynamics affect spinal stability as well as muscle acute strain injuries. 
 
Keywords: Cervical Musculature, Finite Elements, Continuum Mechanics, Injury Prevention 
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Dissertation 
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papers follow the introduction. 
 

Papers 

I. The importance of muscle tension on the outcome of impacts with a major vertical 
component. 

Brolin K., Hedenstierna S., Halldin P., Bass C.R., Alem N. International Journal of 
Crashworthiness, 13(5): 487-498, 2008. 

 
II. Electromyography of Superficial and Deep Neck Muscles During Isometric, Voluntary, 

and Reflex Contractions 
Siegmund G.P., Blouin J.S., Brault J.R., Hedenstierna S., Inglis J.T. Journal of 
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Parameters  

Solid Mechanics 

σ = Cauchy Stress 
ε = Strain 
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EY = Young’s modulus (Elasticity modulus) 
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K = Bulk modulus  
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F = deformation gradient 
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Ψ = Strain energy potential 
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Terminology and Abbreviations 
AIS  Abbreviated Injury Scale, injury scale of risk for threat to life  
Atlas  First cervical vertebra 
Axis Second cervical vertebra 
MAIS  Maximum AIS, the highest AIS-grade of a person’s injury 
Biofidelity   Likeness to the human body 
C0  Skull base / Occipital condyles 
C1, C2, …C7  Cervical vertebra number 1,2, …7 
CAD  Computer Aided Design 
Cervical  something associated with the neck region 
CMM  Continuum mechanical Muscle Model, with solid musculature  
CNS  Central Nervous System 
CT  Computer Tomography 
DMM  Discrete Muscle Model, the KTH model with spring musculature 
EMG  Electromyography 
FEA  Finite Element Analysis 
FEM  Finite Element Method 
In situ  “in the place”, tissues in its normal location 
In vitro  “within the glass”, tissues in a controlled environment 
In vivo  “within the living”, tissues in its normal environment 
Lordosis  Anterior curvature of the spine 
MRI  Magnetic Resonance Imaging 
MBS  Multi Body System 
PCSA  Physiological Cross Sectional Area 
PET  Positron Emission Tomography 
PMHS  Post Mortem Human Subject 
SMFE  Superposed Muscle Finite Element 
SMFEMM  KTH neck Muscle Model with active solid elements (SMFE) 
T1  First thoracic vertebra 
TA  Tibialis Anterior muscle 
TVI  Tissue Velocity Imaging, an ultrasound technique 
WAD  Whiplash Associated Disorders 
 

Motions and directions 
Extension  Neck motion, when head moves backwards 
Flexion  Neck motion, when head moves forwards 
Superior  above 
Inferior  below 
Anterior  towards the front 
Posterior  towards the back 
Isometric contraction Muscle contraction at constant length 
Concentric contraction The muscle shortens as it is contracting 
Eccentric contraction The muscle lengthens as it is stimulated to contract 
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1. Introduction 
Neck injury due to high impact loading is a well-known problem in the world. Injuries to the 
head and neck can have serious consequences if they affect the Central Nervous System 
(CNS), which is protected by the skull and vertebral column. Trauma to these areas can cause 
direct nervous tissue injury with loss of brain functions, total or partial paralysis or more 
diffuse injuries causing associated pains and loss of balance. Neurotrauma is the medical term 
for injuries to the nervous system caused by physical violence. The violence can be in the form 
of direct impact or as applied energies from accelerations. Two large categories for cause of 
neck injuries are traffic accidents and falling. The latter is a frequent reason for hospitalization 
and death in the elderly population in Sweden (Brolin and von Holst 2002). Other categories 
of neurotrauma incidents are leisure-time activities like diving, and flying high performance 
aircraft (Newman 1997; Green 2003). 
 
Thanks to research and development of transport vehicle safety, the number of traffic related 
deaths in Sweden has been reduced from about 1300/year during the 1960´s to 450 in 2007 
(Vägverket 2008). However, although the number of deaths and severe injuries have decreased 
in Sweden as well as other western countries (Richter et al. 2005), the number of less severe 
soft tissue injuries in the neck have increased (Whiplashkommisionen 2005). Though these 
injuries are not life threatening their high frequency make them costly for society (Cassidy et al. 
2000; Jakobsson et al. 2000a; Kullgren et al. 2000b). As a result, car safety development has 
increased its awareness of low energy accidents as well as the importance of cervical 
musculature. Neck injuries due to falling and tripping amounted to ~500-600 cases annually in 
Sweden during the 1990’s. This number has been constant during the last 20 years and falling 
accidents is now the largest external cause for cervical fractures in Sweden (Brolin and von 
Holst 2002). The prevention of falling and tripping accidents needs more research including 
ergonomics as well as biomechanics and should focus on the elderly population. Another 
group exposed to a high risk of neck injury is air force and helicopter pilots. The extreme loads 
applied to the neck during high g-maneuvers, crash, or emergency ejections wearing helmets 
with substantial mass, are known to cause acute injuries to the cervical spine (Burton 1999). 
There is a high frequency of neck pain in air force and helicopter pilots who are subjected to 
repeated and long term loading (Newman 1997; Ang and Harms-Ringdahl 2006).  
 
The cervical musculature plays an important role in the kinematics of the head and neck. 
During a forced perturbation they will stabilize the spinal column, with both passive and active 
forces, in order to prevent injury. There is always a slight delay in time before the muscles are 
activated in response to an external perturbation or stimulus. This delay is dependent on the 
time it takes for the nervous signal to activate and build up an electrical potential in the 
muscle. In the literature, values for the delay have been reported between 60 - 130 ms from 
perturbation to first muscle onset. Muscle activation onset is prior to the maximum head 
displacement, which gives the muscles time to stabilize the head motion. Experimental studies 
(Mertz and Patrick 1971; Brault et al. 2000; Siegmund et al. 2003; Kumar et al. 2005; Ono et al. 
2005) and numerical studies (van der Horst et al. 1997; Chancey et al. 2003; Ejima et al. 2005; 
Brolin et al. 2008) have confirmed the significance of active musculature for the outcome of 
impact loading of the neck. Clinical studies have demonstrated the influence of muscle tension 
due to awareness of the coming impact on the resulting neck injury symptoms (Sturzenegger et 
al. 1994; Jakobsson et al. 2000b).  
 
In order to reduce the number of head and neck injuries due to accidents, the mechanical 
behavior of biological tissues must be studied. The science of biomechanics investigates the 
mechanics of the human body. Neuronics is a new field of science where the knowledge of 
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biomechanics is applied specifically to the injury mechanisms of the CNS (the head and neck) 
due to trauma. To increase understanding of injury mechanisms, and evaluate protection 
systems, the most common method has been to perform experiments using either human 
bodies or detailed dummies. The biofidelity of the mechanical dummies is limited and 
experiments with volunteers are restricted to low velocity impacts where the risk of injury is 
minimized. With the use of post mortem human subjects (PMHS) it is possible to study high 
velocity impacts with a realistic tissue response that results in tissue injury. However, PMHS 
does not account for the active muscle forces, which increases the uncertainty of the results. 
Moreover, experiments are often time consuming and expensive to perform. A useful 
alternative and complement to experiments is the human body computer models. The 
numerical model is an excellent tool for performing parameter studies of various impact 
scenarios, where the numerous input variables and boundary conditions can be easily 
controlled.  
 
A number of different numerical modeling techniques are available depending on the aim of 
the study. The Multibody System models (MBS) are constructed with rigid body parts that are 
connected by joints and discrete spring-damper elements. They are used to study kinematics, 
muscle dynamics, and joint-forces (van der Kroonenberg et al. 1997; Sullivan et al. 2005). The 
Finite Element (FE) models include representative descriptions of the individual tissues and 
are used to study the stress and strain responses of different materials. In whole human body 
models a combination of MBS and FE is often used to save computational time (Robin 2001; 
Oshita et al. 2002). As the computer capacity grows the level of detail and size of the 
numerical models may increase to include more complex material formulations and more 
detailed geometries. This improved capacity has also called for more detailed models of the 
skeletal muscles.  
 
One of the first references to a numerical neck model that include muscle elements is Deng 
and Goldsmith in 1987. They used discrete spring elements with nonlinear constitutive 
relationships to simulate the passive muscle response (Deng and Goldsmith 1987). The 
discrete element approach has been the predominant way to model muscles ever since, though 
active and viscoelastic properties have been integrated (de Jager et al. 1994; Wittek et al. 2000; 
Chancey et al. 2003; Brolin et al. 2005). Initially modeling focused on the vertebral column and 
models of the ligaments and muscles were included as boundary conditions. This was partly a 
priority of the more serious vertebral fractures over the soft tissue injuries and partly a 
concession to the difficulties of muscle modeling. During the last years focus has shifted 
towards soft tissue injuries due to increased awareness of these injuries, but also as a natural 
development of existing models. Most of today’s numerical models of the cervical spine 
include a discrete element representation of the musculature (van der Horst et al. 1997; Wittek 
et al. 2000; Chancey et al. 2003; Brolin et al. 2005). The limitations of the 2D spring muscle 
models are primarily that they do not simulate mass inertia, compressive stiffness, or friction 
between different tissues. Nor do they give the correct geometry with interactions between 
muscles and boundary surfaces for neck supports, implants or other interacting equipment. 
Furthermore, the discrete element does not predict tissue strains, stresses or energies, which 
the continuum elements do. A 3D solid musculature model with continuum material 
properties would account for passive compressive stiffness, mass inertia, and contact interfaces 
between muscles. This will improve the boundary conditions for the cervical column 
influencing the head and neck kinematics. It will also enable studies of muscle tissue injuries as 
well as studies of externally applied equipments, such as neck supports and cervical implants 
that interact with the muscle tissue. 
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2. Objectives 
The main objective of this thesis is to develop a 3D finite element model of the cervical 
musculature using solid elements, in order to better understand the importance and the 
contribution of neck muscles on: 

- the stability of the head and neck complex, 

- the injury biomechanics in the cervical spine, and  

- the injury biomechanics of cervical muscles.  
 

It is hypothesized that a 3D musculature model will improve the biofidelity of a numerical 
neck model and will increase the number of application areas where the numerical model can 
be useful.  

2.1. Specific aims 

The specific aims of each individual paper were in: 
 
Paper I 
To analyze how activated cervical musculature protects the neck during injurious impacts, such 
as helicopter crashes, and to find relaxed muscle activation schemes that stabilize the head in a 
neutral posture prior to impact.  
 
Paper II 
To improve knowledge about muscle activation schemes during voluntary and subjected 
motions, covering deep and superficial cervical muscles for multiple directions of motion. 
 
Paper III 
To suggest and evaluate a method to model active muscle tissue with continuum material 
properties and active force generation. 
 
Paper IV 
To create and validate a solid model of the neck muscles including nonlinear and viscoelastic 
material properties. 
 
Paper V 
To study how the load distribution in the cervical muscles varies as a function of impact 
severity and impact direction, using the model developed and described in Paper IV. 
 
Paper VI 
To study the effect of incorporated active muscle forces in the solid element model of the 
cervical musculature on neck kinematics, using the materials described in Paper III in the solid 
musculature model described in Papers IV and V.  
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3. Neck Injuries 

3.1. Short Introduction to the Anatomy of the Human Neck 
The human neck has a unique design that combines the qualities of strength and flexibility. 
The neck enables wide-ranging motions of the head and at the same time protects the spinal 
cord from injury due to excessive motions. These demands are met by the rigidity of the 
vertebral bodies in combination with flexible intervertebral discs and strength and flexibility of 
the ligaments and the skeletal muscles (Figure 1). The spinal cord is well protected in the spinal 
canal between the vertebral bodies, the intervertebral discs and the spinous processes (Figure 
2). Surrounding the vertebral column are the stabilizing ligaments and muscles that are inserted 
to the vertebral processes as well as on the vertebral body. The major ligaments are listed in 
Table 1 and are attached to the vertebrae according to Figure 2. The cervical muscle anatomy 
is described in Section 4.2. 
 

Vertebral body

Spinal Cord

Musculature

Trachea

Skin

Vertebral body

Spinal Cord

Musculature

Trachea

Skin

 

Figure 1. A sagittal Magnetic Resonance Image of the human neck; showing the vertebral column, 
spinal cord, musculature, trachea, and skin. (Printed with permission of Dr G Siegmund, Canada) 

a) b)  

Figure 2. a) Anatomy of a cervical vertebra and b) attachment sites of cervical ligaments between 
vertebrae C2-T1 
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Table 1. The major cervical ligaments with abbreviation and location 

Ligament Abbreviation Located between: 

Alar ligament Alar Dens - C1/occiput 

Apical ligament Apical Superior dens - Occipital 
foramen 

Vertical cruciate VC Occiput- C1 -C2 

Anterior atlantoocciptal 
membrane 

AAOM Anterior surface of occiput - C1 

Anterior longitudinal 
ligament 

ALL Anterior surface of C1 - C7 

Tectorial membrane TM Posterior surface of vertebral 
bodies of occiput - C2 

Posterior longitudinal 
ligament 

PLL Posterior surface of vertebral 
bodies of C2 - C7 

Posterior atlantooccipital 
membrane 

PAOM Posterior surface of the spinal 
canal occipital - C1 

Ligamentum Flavum LF Posterior surface of the spinal 
canal C1 - C7 

Capsular ligament CL Between the facet joint surfaces 
of C0 - C7 

Interspinous ligament ISL Between spinous processes of 
C2 - C7 

 

3.2. Load Modes 
Neck injuries are usually classified according to the loading mode on the vertebral column 
(Figure 3). These correspond to the basic motions of flexion, extension, compression, tension, 
lateral flexion, and rotation. The local loading mode between two consecutive vertebrae is not 
always the same as the global loading mode that refers to the head relative to the torso. 

Flexion Extension Lateral flexion Torsion/Rotation  

Figure 3. Basic load modes with corresponding head and neck motions. 

Neck injuries cover a large variety of tissue failures and injury mechanisms. The most severe 
include fractures and dislocations of the cervical vertebrae. Fracture and dislocation can result 
in injury to the spinal cord. Muscle injury, disc ruptures and ligament failures can also cause 
severe injuries but have mostly more moderate consequences. Generally an accident results in 
a combination of the above. 
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3.3. The Abbreviated Injury Scale 
The severity of an injury can be categorized according to the Abbreviated Injury Scale (AIS), 
which is defined by a scaling committee of the Association for the Advancement of 
Automotive Medicine (AAAM). AIS6 equals death; AIS3-5 severe injuries and AIS1-2 are 
mainly soft tissue injuries. The MAIS is the maximum AIS-grade of a person’s injury.  

Table 2. AIS score as defined by AAAM. 

AIS score Injury Typical neck injury 

1 Minor Ligament rupture 
Muscle strain 

2 Moderate Fracture to the spinous process or the 
transverse process 
Disc herniation without nerve root damage 
Atlantooccipital dislocation 

3 Serious Fracture to the lamina, the pedicle or the 
odentoid (dens) 
Disc herniation with nerve root damage 
Atlantoaxial dislocation 

4 Severe Fracture with risk for damage to the spinal 
cord 

5 Critical Spinal cord contusion, complete cord 
syndrome, C4 or lower 

6 Fatal - 

 
The most common reason for severe (AIS3+) neck injuries is high loads in compression or 
tension (Figure 4) caused by automobile and aircraft accidents due to their high velocities. 
Sport and leisure time activities, like shallow water diving, also account for a substantial part of 
cervical spine injuries (Nahum and Melvin 1993). Typical neck injuries and the related loading 
modes are illustrated in Figure 4. A more detailed description of the injuries and mechanisms 
can be found in (Nahum and Melvin 1993). 
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Figure 4. Typical neck injuries for different loading modes; the severity is classified according to the AIS 
scale as 1, 2 or 3+. (Courtesy of Peter Halldin) 
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The most common diagnosis for neck injuries with low AIS grade is Whiplash Associated 
Disorders (WAD). WAD refers to symptoms caused by injuries in the category AIS1 and AIS2 
that usually cannot be detected with medical imaging. Since there is no evidence of tissue 
injury in this diagnosis the cause behind the pain disorder is not clear. Even though many 
different hypotheses exist, the injury mechanism behind WAD is still not fully understood. 
One theory is that the vertebral column is forced into an S-shape in the initial phase of the 
impact as the torso is pushed forward while the head still does not move, creating a head 
retraction. This causes a pressure gradient in the spinal column which has the potential to 
injure the CNS (Svensson et al. 1993). Another hypothesis emphasizes the relative vertebral 
motions causing damage to the facet joints (Lord et al. 1996; Ono et al. 1997; Siegmund et al. 
2008). AIS1 injuries are mostly related to car accidents at comparatively low velocity impacts. 
They occur in all impact directions, though it seems, at lower change of velocity in rear-end 
impacts than for frontal impacts (frontal: 24.9 km/h; rear-end: 16,5 km/h) (Otte et al. 1997; 
Jakobsson et al. 2000a; Jakobsson et al. 2000b; Hell et al. 2003). Statistical data suggests that 
injury severity (MAIS), as well as the long term consequences of neck injuries, increases with 
impact velocity (Otte et al. 1997; Jakobsson et al. 2000b; Krafft et al. 2000; Kullgren et al. 
2000a; Eis et al. 2005). 

3.3.1. Neck Injury Criteria 

In the study of neck injuries, physical and numerical models are often used as substitutes for 
the human body. These models do not break as a consequence of injury. Instead they provide 
values of forces, moments, strains, and stresses that are interpreted as injury or risk of injury to 
a human body if they exceed a given threshold value. The threshold values are called injury 
criteria. Most injury criteria are developed by the car industry for mechanical crash test 
dummies. They translate global forces and moments measured in the joints of the mechanical 
dummy into level of injury risk, so called global injury criteria. Numerical models of the human 
body include representations of separate tissues and injury is predicted using tissue level injury 
criteria, so called local injury criteria. In an FE model, both global and local injury criteria can 
be predicted. For the global criteria however, consideration has to be taken of the difference in 
stiffness between human-like models and mechanical dummies. A criterion can be specified 
regarding the AIS level it predicts (mostly AIS3+ or AIS1); depending on what severity the 
researchers are studying. Frequently used global neck injury criteria include the Nij criterion 
based on the forces and moments in the upper neck (Eppinger et al. 2000), and the NIC 
calculated based on the relative acceleration and velocity between head and torso (Boström et 
al. 1996). Local tissue criteria are based on experiments where either force or elongation is 
increased until the tissue fails. The local injury criteria either predicts sub failure or ultimate 
failure (complete rupture) depending on what type of injury severity is concerned. In the 
literature local injury thresholds can be found from experimental studies on ligaments, 
vertebral bodies, intervertebral discs and muscles (Carter and Hayes 1977; Myklebust et al. 
1988; Best 1993; Yoganandan et al. 1998).  
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4. Cervical Musculature 
The cervical musculature is part of the skeletal muscle system and has the same basic 
physiology as other skeletal muscles. In this thesis the definition includes muscles that are 
connected to the cervical spine with the primary aim of supporting the neck.  

4.1. The Skeletal Muscle 
Most skeletal muscles connect two skeletal parts with one or multiple joints in-between, with 
the principal aim of enabling movement around the joints. A muscle consists of many small 
bundles (fascicles) of muscle cells. The cells are long and multinucleated and are called muscle 
fibers. The fibers consist of strands of myofibrils, running the whole length of the fiber, that 
are derived by end-to-end fusion of the smallest contractile part of the muscle, the sarcomeres. 
The muscle fiber ends in an aponeurosis or tendon consisting of collagen fibers from the 
endomysium and perimysium that attach to bone. The tendon transfers the force generated in 
the muscle directly to the attached bone. As the muscle fibers end and turn into tendon, the 
cross sectional area decreases and the stiffness increases. The strain is observed to be largest at 
the mid-belly where there is least tendinous tissue and collagen fibers (Myers et al. 1995). The 
active force in a muscle is generated by proteins in the sarcomeres that contract in the 
direction of the fiber. The magnitude of the active force is directly related to the area of the 
fiber. The muscles contract in response to an action potential started by electrical stimulation 
from motor neurons. A motor unit consists of one motor neuron and all the fibers it 
innervates. Several motor units are located throughout the muscle, stimulating their fibers 
independently, with a non-homogenous strain distribution as a result, which is seen for 
example in ultrasound images (Peolsson et al. 2008).  

4.2. Anatomy of the Cervical Muscles 

The cervical muscles typically have a short tendon and are seemingly attached directly to the 
membranes of the skull or vertebrae. They are organized according to their location and 
attachment sites (Table 3). Generally the larger muscles are located superficially and the smaller 
muscles close to the vertebral column, connecting the skull with the spine and individual 
vertebrae (Figure 5 - Figure 7). The muscles inserted below the seventh cervical vertebra are 
assumed to be of minor importance for the motion of the head and neck.  

      

Figure 5. Anterior neck muscles in two layers; from lateral view the SCM and hyoids, from anterior view 
the Longus Colli and Longus Capitis (Gray 2000)  
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Figure 6. Posterior neck and shoulder muscles (Netter Anatomy Illustration used with permission of 
Elsevier Inc. All rights reserved) 

 

 

Figure 7. Posterior deep neck muscles (Netter Anatomy Illustration used with permission of Elsevier 
Inc. All rights reserved) 

Figure not available in electronic version 

Figure not available in electronic version 
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Superficial muscles 

The most superficial muscles are the Sternocleidomastoideus (SCM) and the Trapezius (TZ). 
Due to their long lever arms and their volume these two muscles generate large flexion and 
extension forces but are not expected to be involved during relaxed stabilization. Both of these 
muscles consist of sub partitions that are most likely activated by different motor units to 
produce different motions. The TZ is an important extensor. The SCM acts both as a flexor 
and as an extensor, depending on the initial head position. It is also involved in lateral 
rotations.  

Posterior (Dorsal) muscles 

The muscles posterior to the vertebral column work against the gravitational forces and keep 
the head upright at normal positions. The Splenius, Semispinalis and Longissimus are divided 
into two parts, Capitis and Cervicis, where the Capitis part is inserted in the skull base and the 
Cervicis part is inserted into the upper vertebral column (Table 3). The origins of the coupled 
muscles coincide and the two parts are joined into one muscle. The Semispinalis Capitis is the 
largest muscle mass of the back of the neck and runs straight along the vertebral column. The 
Splenius and Longissimus muscles are slightly angled, running laterally from the origin on the 
vertebrae to the more proximal insertion on the skull. The Multifidus and Interspinous 
muscles connect the vertebrae along the spinal column.  

Suboccipital muscles 

The suboccipital muscles attach between the occipital bone on the skull and the two first 
cervical vertebrae. The suboccipital muscles have short lever arms and small PCSAs, which 
makes them suitable for stabilizing the head rather than to exert large motions. 

Anterior (Ventral) muscles 

The muscles located anterior to the vertebral column work as head flexors. Together they have 
a smaller PCSA than the dorsal muscles and the human neck is consequently weaker in flexion 
than in extension. The Longus Colli and Longus Capitis are located close to the vertebral 
column and produce only small motions of the head. The hyoid muscles run between the jaw 
and the hyoid bone and continue down to the sternum. They are historically considered to be 
mainly involved in the motions of swallowing and talking. However, it is assumed that they 
work as synergists together with other ventral muscles to produce head flexion.  

Lateral muscles 

The Scalenes and Levator Scapula are located on the side of the neck and are used in lateral 
motions and to lift the shoulders.  
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Table 3. The cervical muscles with origin and insertions, listed by location  

Muscles Origin Insertion 
 

Linking the Skull with the Shoulder girdle 
Sternocleidomastoid 
 

Ant. sternum & medial third clavicle  Mastoid proc. & superior 
nuchal line 

Trapezius  Medial third of nuchal line & Lig. 
Nuchae & spines of vertebrae C7-T10  

Lat. third of clavicle & scapula 
(acromion) 

 
Linking the Skull with the Vertebral Column 

Long Dorsal Muscles 

Splenius Capitis Lower Lig Nuch & Spin proc C7-T2.  Mastoid proc & occipital bone 

Splenius Cervicis Spin. proc. T3-T6 Trans. Proc. C1-C3. 

Semispinalis Capitis Trans. proc. C7 -T6 & articular proc 
C4-C6  

Between occipital superior - 
inferior nuchal line  

Semispinalis Cervicis Trans. Proc. T1-T6  Spin proc C2-C5 

Longissimus Capitis Trans. Proc. T1-T5 & art. Proc. C4-C7 Posterior mastoid process 

Longissimus Cervicis Trans. Proc. T1-T5  Trans. proc. C2-C6 

Suboccipital Muscles 

Rectus Capitis Posterior 
Major / 
Minor 

Spinous proc. C2 /  
Post. arch of atlas 

Lateral inferior nuchal line & 
below surface/  
Medial inferior nuchal line & 
surface to foramen magna  

Oblique Capitis Inferior  
/Superior 

Spin. proc axis / Trans. proc. atlas  Trans. proc atlas/ Occipital 
superior - inferior nuchal line 

Ventral Muscles  

Longus Capitis  Trans. proc. C3-C6  Basilar part of occipital 

Longus Colli  
Superior Oblique 
Inferior Oblique 
Longitudinal 

Trans. proc C3-C5 /  
Front. T1-T3 /  
Front. T1-T3, C5-C7 

Ant. arch of atlas /  
Trans. proc. C5-C6/  
Front. C2-C4 

Rectus Cap Anterior Lateral surf Atlas  Basilar occipital 

Rectus Cap Lateralis  Trans. proc atlas  Jugular proc. Occipital 

Hyoid Muscles 

Supra Hyoid  Mandible  Hyoid bone 

Infra Hyoid Medial clavicle & sternum  Hyoid bone 

 
Linking the Vertebral Column with the Ribcage 

Scalenus Anterior Ant. Trans. proc. C3-C6  Inner border first rib 

Scalenus Medius Post. Trans. proc. C2-C7  Upper surf first rib 

Scalenus Posterior Post. Trans. proc. C5-C7  Outer surface second rib 

Iliocostalis Cervicis Angle of rib 3-6  Trans. proc. C4-C6 

 
Linking the Scapula with the Vertebral Column 

Levator Scapulae Trans. Proc. C1-C4  Border of scapula 

Rhomboid Minor Lower Lig. Nuch & Spin. Proc. C7-T1 Scapula 

 
Linking the vertebrae 

Interspinous Spinous process C7 – C3 Spin proc C6 – C2 

Multifidus Articular process C4 - T12  Spin proc C2 - T10 
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4.3. Muscle Activation 
Muscle activation controls the stability and motion of our bodies. During all postural 
conditions, like reading this thesis, the muscles have a baseline activity that can be called 
relaxed activation. Thanks to the redundant system of neck muscles we can alternate the 
activation schemes and avoid muscle fatigue.  
 
Accidents and injurious impacts occur during a time of milliseconds and it is of importance 
how long it takes for the muscles to respond with an active force. The time lapse between start 
of impact and muscle force onset is called the reaction time. For the prepared subject muscle 
tensioning can stabilize the head and reduce neck forces, which is illustrated in numerical 
studies for tensile loading by Chancy et al (2003) and for frontal and side impacts by both 
Brolin (2003) and van der Horst (2002). For the unaware subject it has been discussed whether 
the reaction time is too long for the active muscle force to have any influence on the head and 
neck kinematics. The reaction time of a muscle could theoretically be calculated by summation 
of the time it takes for a nerve impulse from afferent and efferent signals to travel first to the 
CNS and then to the muscle of interest. This depends on the distance between the muscle and 
the spinal cord. An experimental way to obtain reaction times is to measure the muscle’s 
electrical activity. This is done with electromyography (EMG) on volunteers exposed to 
perturbation impulses. According to experiments done on seated subjects the reaction times of 
neck muscles varies between 60 - 130 ms from sled impact onset (Table 4). Calculated from 
head acceleration onset the reaction time is smaller, since the head lags behind sled and torso 
in acceleration. Szabo and Welcher (1996) suggest that for seated subjects during car impacts 
neck muscle activity is triggered by lumbar spine acceleration. It is also possible that 
acceleration of other parts of the body, or other stimuli like sudden visions or sounds, will 
trigger the cervical muscles to contract. In the following chapters a short description of EMG 
and a review of experimental studies on neck muscle reflex times are presented.  

4.3.1. EMG measurement of muscle activation 

EMG measures the electric signals from the CNS that stimulates the muscle to contract. The 
signal amplitude is related to the degree of stimulation, which in turn is related to the force 
produced. The activation onset times are typically identified when the EMG reaches 10% of its 
peak value (Brault et al. 2000). The magnitude of the signal depends on electrode placement 
with respect to the muscle motor endplates. To get a comparative value of activation, the 
EMG amplitude is usually normalized with the Maximal Voluntary Contraction (MVC) where 
the volunteer is told to contract the muscle of interest with maximal effort.  
 
The EMG signal is measured with either surface- or needle/wire electrodes. Needles and wires 
are more difficult to apply but reach deeper muscles and distinguish between individual muscle 
compartments. Surface electrodes measure the sum of signals from all muscles within a 
volume with a size determined by how far apart the electrode pair is placed. Wire electrodes 
follow the muscle during head-neck motions whereas surface electrodes follow the skin. The 
predominant alternative in past studies has been the surface electrodes due to their simplicity 
and cost effectiveness. Surface electrodes can measure large muscles like SCM and TZ 
separately while other muscles are too closely located and can only be measured in groups. The 
dorsal muscles are often grouped as the para spinal (PARA) or the cervical erector spinae 
(Iliocostalis, Longissimus, Spinalis). Some studies only differentiate between flexors and 
extensors, here interpreted as the SCM and PARA respectively.  
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4.3.2. Review of Experimental studies on neck muscle reflex time 

Muscle activation data is obtained from volunteer experiments and are mostly limited to non-
injurious accelerations with g forces below 3g (Table 4). Many experimental studies are part of 
WAD investigations that are concerned with rear-end impacts. Out of the thirteen studies 
included in this summary, eight are simulating rear-end impacts (Szabo and Welcher 1996; 
Ono et al. 1997; Magnusson et al. 1999; Brault et al. 2000; Wittek et al. 2001; Kumar et al. 
2002a; Siegmund et al. 2003; Hernández et al. 2006). Other directions studied are: backward, 
lateral and vertical sled acceleration (Aoki et al. 2001; Kumar et al. 2003; Kumar et al. 2004), 
load applied directly to the head (Foust et al. 1973) and startle sound stimuli (Siegmund et al. 
2001). 
 
The most common parameter to vary is preparedness (Siegmund et al 2003, Magnusson et al 
1999, Kumar et al 2002, Kumar et al 2003). The test subject can be prepared by a visual or 
audible stimulus or be unprepared for the coming impact. Another commonly included 
parameter is gender (Siegmund et al 2003, 2001, Brault et al 2000), although some studies 
stated that there is no significant difference between genders in reaction time and therefore did 
not include this as a parameter (Kumar et al 2002, 2003). One study looked at size variation 
but saw no significant differences (Foust et al 1973). The same study detected significant 
differences between age groups, those over 65 years versus the younger population, with 
slower reaction times in the older group. The influence of different accelerations on the 
reaction times was included in studies by Kumar (Kumar et al 2002, 2003) but with no clear 
results.  

Table 4. Experiments on muscle reaction times for unaware volunteers, number of subjects, peak sled 
acceleration, muscles, reaction times measured from sled acceleration onset and head acc. onset. 

Nr. 
Subj. 

Sled 
acceler. 

Muscles 

Reaction time  

Study from head acc 
onset 

from impulse 
onset 

Backward Torso Acceleration 

10 0.5 – 1.4g SCM / SplCap. / TZ TZ 39 ms TZ 112 ms (Kumar et al. 2003) 

Forward Torso Acceleration 

66 1.5g SCM/PARA SCM 42 ms SCM 71 ms (Siegmund et al. 2003) 

8 0.5g 
SCM / TZ / SplCap 
/SsCap / LevScap 

SCM 19 ms SCM 72 ms (Magnusson et al. 1999) 

7 0.5 - 1.4g SCM / SplCap / TZ SCM -8 ms SCM 111 ms (Kumar et al. 2002a) 

12 4g  SCM/ PARA/ TZ SCM 45 ms SCM 70 ms (Ono et al. 1997) 

4 2.55g /4g SCM SCM 35 ms SCM 60 ms (Wittek et al. 2001) 

29 0.45 - 1g SCM SCM 89 ms 99 ms (Hernández et al. 2006) 

42 4 & 8 km/h SCM / PARA SCM 40 ms SCM 81 ms (Brault et al. 2000) 

10 10 km/h SCM / TZ TZ 30 ms SCM 110 ms (Szabo and Welcher 1996) 

Lateral TorsoAcceleration 

7 0.5 - 1.4g SCM / SplCap / TZ SplCap -323 ms SplCap 130 ms (Kumar et al. 2004) 

Vertical sled asc/desc 

6 0.4g SCM / TZ SCM 24 ms 35 ms (Aoki et al. 2001) 

Weight on head 

180 0.3 - 0.5g Flexor / extensor PARA 54 ms - (Foust et al. 1973) 

Startle sound stimulus 

20 sound  SCM / PARA -  SCM 50 ms (Siegmund et al. 2001) 
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4.3.3. Neck Muscle Strength 

As neck muscle force is seen to influence neck kinematics during accident-like impact it is 
assumed that muscle strength is an important factor in neck stability. The maximal voluntary 
isometric force has been measured experimentally on volunteers. Size and strength of the 
cervical musculature is individual and male maximal neck strength is reported between 100N - 
333N in extension and 72N-230N in flexion. Peolsson et al (2001) measured age- and sex-
specific neck strength in 101 subjects and found that women had nearly half the muscle 
strength in all measured directions (Table 5). Neck muscle strength decreased with age, from 
48Nm in males 25-34 years to 37 Nm in males 55-64 years in extension. Kumar et al (2002b) 
measured mean peak forces in male and female subjects in 8 directions and recorded peak 
male forces in flexion 72N, extension 100N and lateral flexion 76N. Corresponding values for 
females were 41N, 72N and 54N. Gabriel et al (2004) presented peak voluntary forces on male 
and female subjects jointly with the average force of: 130 N in flexion, 150N in lateral, and 
220N in extension. Äng et al (2005) measured neck strength of male airforce and helicopter 
pilots to ~50Nm in extension and ~30Nm in flexion. Assuming a lever arm of 0.15m from 
point of force to rotation at T1, this corresponds to forces of 200N in flexion and 333N in 
extension. Harms-Ringdahl and Schüldt (1988) measured the female maximum extension 
moment to 30Nm, which is higher than that found for females by Peolsson, and 60% of the 
male strength measured by Äng. Siegmund et al (2007) measured peak values from one male 
subject to 230N in flexion, 323N in extension, and 190N in lateral flexion. Mean values from 
three male subjects were 150N in flexion, 300N in extension, and 175N in lateral flexion. 
Vasavada et al (2008) found that female neck strength is significantly lower than male neck 
strength also after correction for differences in head mass (68% in flexion and 80% in 
extension). Different experimental set-ups or the anticipation of the volunteer might explain 
the large variation in muscle peak strength between studies. The relation between genders 
seems to be constant between studies. 

Table 5. Peak isometric neck force as measured on volunteers 

Study Flexion peak force 
(N) 

Extension peak force 
(N) 

Lateral flexion peak 
force (N) 

(Peolsson et al. 2001) 
male 25-64 

17Nm ~ 113 42Nm ~280 40Nm ~267 

Peolsson et al 2001 
Female 25-64 

11Nm ~73 22Nm ~147 22Nm ~147 

(Kumar et al. 2002b) 
male / female 

72 /41 100 / 72 76 / 54 

(Gabriel et al. 2004) 
male + female 

130 220 150 

(Ang et al. 2005) 
male pilots 

30Nm ~ 200 50Nm ~ 333  

(Harms-Ringdahl and 
Schüldt 1988) female 

 30Nm ~ 200  

(Siegmund et al. 2007) 
male peak 

230 323 190 

(Vasavada et al. 2008) 
male / female 

149 / 82 244 /173  
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4.4. Muscle Function from a Technical Perspective 
Like all biological tissues muscles respond elastically to tension and compression. The passive 
muscle response is highly non linear and viscoelastic. When stimulated the active contractile 
force is superpositioned to the passive force. 

4.4.1. Viscoelasticity  

Viscoelasticity means that the material response is rate dependent with higher stiffness at 
increased rates of deformation and is seen in most biological tissues. Viscoelastic materials also 
respond with relaxation and creep when subjected to time dependent loads. The viscoelastic 
behavior of muscle and aponeurosis tissue is documented in the literature (Best 1993; Myers et 
al. 1995; Bosboom et al. 2001). In Myers et al (1995) the viscous behavior is seen as a 
significant difference in stiffness between a strain rate of 1s-1 and 25s-1, increasing from 
1.75MPa to 2.79MPa at 20% strain. 

4.4.2. Passive material parameters 

The measured passive muscle response depends on the experimental set up, including strain 
rate and initial elongation as well as the muscle used (Figure 8 and Table 6) (Yamada 1970; 
Myers et al. 1995; Hawkins and Bey 1997; Bosboom et al. 2001; Davis et al. 2003). Davis et al 
(2003) measured the quasi-static response of a rabbit Tibialis Anterior (TA) muscle at different 
relative lengths. They measured the force in the passive muscle and after stimulation into 
maximal isometric contractions. Myers et al (1995) performed dynamic tensile tests on the 
rabbit TA in passive and stimulated states for three elongation rates. On human neck muscle 
tissue only a study described by Yamada (1970) was found. However, this showed similar 
behavior as to that found for rabbit TA. For rat TA muscle, Hawkins and Bey (1997) 
measured passive and stimulated muscle response and Bosboom et al (2001) measured the 
transverse compressive passive response. The viscoelastic response of the muscle was 
measured either by a relaxation test or by using varying strain rates (Myers et al. 1995; 
Bosboom et al. 2001).  

Table 6. Experiments on force-elongation properties of skeletal muscles  

Study Specimen Passive Stimulated 
Relaxation 
curve 

Varying 
strain rates 

Davis (2003) Rabbit TA 
Quasi-static 
force-strain 

Yes   

Myers (1995) Rabbit TA 
Dynamic 
force-strain 

Yes Yes Yes 

Hawkins(1997) Rat TA force-strain Yes  Yes 

Bosboom(2001) 
Rat TA 
transverse 

Isometric 
force-strain 

 Yes  

Yamada (1970) PMS SCM stress-strain    
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Stress-strain relation from different studies
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Figure 8. Experimental curves from studies by Myers, Davis, Yamada, Hawkins, and Bosboom 

4.4.3. Active force 

The maximal active force that a muscle can generate is dependent on the muscle size and 
architecture, i.e. muscle fiber angle, physiological cross-sectional area (PCSA), and optimal 
muscle length. The maximum force is assumed to be independent of the fiber composition 
and only dependent on a given maximum active stress (σmax). The sections below describe how 
the active force depends on fiber angle and PCSA 4.4.3.1 and optimal length 4.4.3.2. 

4.4.3.1. Fiber angle and Physiological Cross Sectional Area 

Muscles can be classified by their fiber direction, as multi-pennate, uni-pennate or fusiform. 
Fusiform muscles have straight fibers in the working direction whereas the pennate fibers are 
angled (0° to 30°) relative to the line of action. Closely related to the fiber angle is the concept 
of the PCSA. The PCSA is defined as the area perpendicular to the fiber direction (or the 
muscle volume divided by the fascicle length) and is greater for large angled muscles (Figure 
9). The maximum peak force in a muscle is directly related to the PCSA as Fmax=PCSA*σmax. 
On the other hand, the contraction velocity of fusiform muscles is higher than for pennate 
muscles. The pennate muscle thus gives a slower contracting but stronger muscle. The cervical 
muscles have fairly straight fiber directions with small pennation angles, except for the TZ. 

 

Figure 9. A muscle with pennation angle α, and a fusiform muscle with no pennation  
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4.4.3.2. Optimal muscle length 

The generated muscle force varies with the relative length of the muscle (Figure 10). Muscle 
length is often described in relation to its rest length (lrest) measured in a relaxed posture. This is 
normally slightly longer than for the dissected muscle since muscles are pre-tensed in situ. The 
optimal muscle length (lopt) where a muscle produces maximal contractile force is determined 
by the sarcomere length and is specific for each muscle. In most muscles lopt is longer than lrest 
and figures of between 0.9 – 1.4 lrest are found in the literature (Best 1993; Van der Horst 2002; 
Langenderfer et al. 2004). The relative length (lrel) is the relation between the current and 
optimal length:  
 

opt

rel
l

l
l  .      (3.1) 

 
For dynamic contractions the force-length relationship is usually simplified to a symmetric 
gauss function with maximum force at lopt (Figure 10). The passive elastic resistance starts as 
the muscle length exceeds its resting length and increases nonlinearly with the stretch until 
failure. 
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Figure 10. Muscle force dependency on muscle relative length; active and passive 

4.4.4. Active material parameters 

The total force in the active muscle can be measured in situ with the muscle artificially 
stimulated by electrodes. Most numerical muscle models refer to Winters and Stark (1988) 
who recommended a peak isometric stress (σmax) of 0.5MPa, an average of many estimated 
values found in the literature (range from 0.2 to 1.0MPa). In experiments on stimulated rabbit 
TA muscles Myers et al (1995) observed a peak isometric stress of 0.44±0.15MPa, whereas 
Davis et al (2003) recorded a peak stress of 0.28MPa.  

4.4.5. Muscle Failure 

Muscle failure is most commonly located at the myotendinous junction where muscle and 
tendon tissue are connected but can also occur in the muscle belly (Garrett Jr et al. 1987; 
Hasselman et al. 1995; Myers et al. 1995). Since the muscle tissue is highly viscoelastic the 
stress at failure varies for different strain rates. The ultimate strain however does not vary 
significantly with strain rate, though the site of mechanical failure does, according to (Myers et 
al. 1995). The ultimate strain of muscle is found in the literature to be between 25% and 35% 
for the entire muscle (Best 1993; Hasselman et al. 1995; Myers et al. 1995; Davis et al. 2003) 
and ~60% locally at muscle tissue level (Best 1993). Hasselman found muscle failure 
(hemorrhage, edema, fiber disruption) in rabbit TA during eccentric contraction between 
strains of 22-26%. Myers measured failure deformations (“reduction in measured force with 
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increasing deformation”) at around 33% and Davis showed a reduction of passive muscle 
stiffness at 25% strain. Best also presents ultimate elongations of rabbit TA around 30% and 
local peak axial strains for the same muscle as 62%.  
 
According to findings by McCully and Faulkner (1985) the muscle is more severely injured 
during eccentric contractions than during isometric or concentric contractions. Further, 
according to Macpherson et al (1996) the magnitude of failure, or in their case active force 
deficits, is dependent on the strain and average force. Lieber and Friden (1993) state “it is not 
high force per se that causes muscle damage after eccentric contraction but the magnitude of 
the active strain (i.e., strain during active lengthening)” (McCully and Faulkner 1985; Lieber 
and Friden 1993; Macpherson et al. 1996). 
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5. Continuum Mechanics and Finite Element Analysis 
In this study the Finite Element code of LS-DYNA has been used (Hallquist 2007). LS-
DYNA is a non-linear explicit finite element code suitable for analyzing large deformation 
dynamic responses of complex structures. A Lagrangian element formulation is used where the 
mesh distorts with the material, and the equations of motion for a continuum in time are 
solved by the central difference method. A more detailed description of Finite Element 
Analysis theory and basic continuum mechanical equations of interest for this thesis are 
presented in Appendix 1. In the following chapter the characteristic material properties of 
skeletal muscle tissue and their numerical formulations are presented. 

5.1. Characteristic Continuum Mechanical Material Properties 
in Skeletal Muscles 

The constitutive model is a numerical description of how a material behaves when subjected to 
loads. The constitutive equation gives the stress as a function of the deformation of the body. 
The most basic linear elastic materials can be described by the Young’s modulus (EY) and 
strain (ε) according to Hooks law: 
 

 YE .      (5.1) 
 
This linear behaviour is mainly used for small strains in materials like steel. Muscle tissue has a 
more complex stress response that is incompressible, hyperelastic, viscoelastic, anisotropic, 
and inhomogeneous. This requires additional terms in the constitutive equation. 

5.1.1.1. Incompressible 

Biological soft tissues are in most cases incompressible due to the high content of water 
present. Deformation of incompressible materials involves no change of volume and is called 
isochoric. Numerically it is expressed by the Jacobian determinant J=1 and a poissons ratio ν 
close to 0.5. The stress (S) can be divided into an isochoric/deviatoric part (Siso) computed by 
the deviatoric strains and shear modulus (μ) and a volumetric part (Svol), computed by the bulk 
modulus (K) and the Jacobian J. 
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where F  is the modified deformation gradient that only considers the volume preserving 
deformations. 

5.1.1.2. Hyperelastic 

Muscle tissue is elastic at large strains; it can be stretched above 20% and then return to its 
initial configuration. This can be expressed with a hyperelastic material definition described by 
the strain energy potential, Ψ. The potential implies that the material is non-dissipative, load 
reversible, and path independent at large strains. For a homogenous isotropic material the 

potential is a function of the deformation gradient (F) or the strain tensor (E), and can be 

described by a polynomial series of either the invariants or the principal stretches.  
 
The stress in a hyperelastic material is the derivative of the strain energy potential:  
 

E
S




 .     (5.3) 
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Neo-Hookean material 

The Neo-Hookean material model is an extension of Hooks law to large deformations with 
the energy potential as a function of stretch (λ):  
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Ogden rubber 

Ogden rubber is implemented in most dynamic FE codes and the energy potential function is: 
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   (5.5) 

 
where Σμj =shear modulus and αj are constants. The volumetric effects are taken into account 
by the bulk modulus in the last term. If n=2, α1=2 and α2 =-2 the energy function of Mooney-
Rivlin is obtained: 
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and if n=1 and α1=2 Ogden rubber is reduced into Neo-Hookean material.  
 
The Ogden stress for uniaxial tensile stretch is derived from the strain energy as: 
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      (5.7) 

 
An alternative hyperelastic material model for uniaxial tensile stress, includes strain in only one 
direction and the constants Ci: 
 


i
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e C  .    (5.8) 

5.1.1.3. Viscoelasticity 

The stiffness of a biological tissue is sensitive to deformation rate, so called viscoelastic. 
Viscoelastic materials include a time and load rate dependency that dampens high rate loads 
and consumes energy. In LSDYNA’s Ogden rubber viscoelasticity is implemented by adding a 
linear strain rate dependent stress component (σV) to the hyperelastic stress (σe):  
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   (5.9) 

 
where ∂ε/∂τ is the symmetric part of the spatial velocity gradient (rate of deformation tensor) 
and G(t) is the time dependent shear modulus. G(t) is described by a Prony series representing 
the relaxation curve of the material, with the instantaneous shear modulus ΣGi and decay 
constants βi :  
 



Doctoral Thesis by Sofia Hedenstierna: 3D Finite Element Modeling of Cervical Musculature 

 21 







n

i

t

i
ieGtG

1

)(


.

    (5.10) 

 
In a quasi-linear viscoelastic material (QLV) the viscoelastic stress component is dependent on 
strain as well as strain rate. The QLV material defined by Fung (1993) is based on the same 
concept as equation (5.9) but the nonlinear stress function is included inside the integral 
substituting the strain rate function: 
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In the quasi-linear viscoelastic material defined by LSDYNA, σε is described by equation (5.8).  

5.1.1.4. Isotropic and Anisotropic 

Isotropic materials have the same properties in all directions, which is often the case with 
rubber and other homogeneous materials. Biological materials are almost always anisotropic 
with different material properties in different directions, usually orthotropic with two 
orthogonal main directions. This is a consequence of the basic structure of tissues with 
stiffening fibers in the main load direction. Muscle tissue is orthotropic with higher strength in 
the fiber direction, which coincides with the active force direction.  

5.1.1.5. Inhomogeneous 

The tissue in a muscle is not homogeneous with the same material properties through the 
entire muscle. Tendinous tissue from the aponeuroses and tendon blend with the muscle 
fibers, which increases the material stiffness locally. This is especially important at the 
myotendinous junctions where the muscle fibers gradually fuse with the tendon.  
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6. Review of Finite Element Muscle Models 
Existing methods of modeling muscle tissue in FE are reviewed in chapter 6.1 and existing 
neck models with cervical musculature are reviewed in chapter 6.2.  

6.1. Muscle Tissue Models 
Within the well-known commercial FE-codes today, there are no solid materials that include 
active contractile muscle properties. Passive muscle tissue has properties similar to rubber 
materials and has been represented in numerical models by nonlinear elastic and viscoelastic 
material formulations (Jost and Nurick 2000; Bosboom et al. 2001; Ejima et al. 2005; Frechede 
et al. 2005). The active muscle material models found in this study are based on separate active 
and passive parts that are summed up for each time step.  

6.1.1. Discrete Models - the Hill type element 

The first material model of active muscle tissue was the discrete spring model based on the 
theories of Hill (Hill 1938; Hill 1970). This model has dominated numerical muscle modeling 
for many years and is still the most frequently used muscle element in FEA. The Hill muscle 
element originally consisted of a contractile discrete element and an elastic spring in parallel. 
The element has been developed during the years to include both parallel and in-series elastic 
springs as well as viscous dampers in combination with the active contractile element. The 
contractile part generates a force dependant on velocity of deformation, relative muscle length 
and degree of activation. According to Hill’s equation (Hill 1938) the maximum possible 
power of the muscle is constant independent of contraction velocity: 
 

       a F b b V a F iso CE     
   (6.1) 

 
where FCE is the contractile force; V the contraction velocity; Fiso the peak isometric force; and 
a and b are muscle specific constants.  

 

Figure 11. Hill type element with a contractile (CE), passive elastic (PE), and a damping (DE) element 

The total force generated in the Hill muscle element is the sum of passive (FPE, FDE) and active 
(FCE) elements:  

 

DEPECE FFFF  .    (6.2) 

 
The passive elements include elasticity and damping. The contractile force is expressed by the 
activation state A(t), the peak isometric force Fmax, and functions of the relative contraction 
velocity ƒV(vr) and relative length ƒL(lr) respectively: 
 

)()()( max rLrVCE lfvfFtAF  .   (6.3) 
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Typical curves of functions ƒV and ƒL are plotted in Figure 12. Fmax is the maximum isometric 

force the muscle can generate and is calculated by multiplying the maximal stress max with the 

physiological cross-sectional-area PCSA. max, is a material property of human muscle fiber 
common for all individuals whereas the cross sectional area is individual and varies widely 
between human subjects. By combining springs, dampers and active contractile elements the 
tensile behavior of an arbitrary muscle can be simulated.  
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Figure 12. Relative muscle force is a function of relative length according to ƒL where different shapes of 
the function are presented; and relative contraction velocity (ƒV)  

6.1.2. Continuum Models 

Models of active muscle tissue for solid elements with continuum mechanical properties is 
described and implemented in the literature (Johansson et al. 2000; Oomens et al. 2003; Lemos 
et al. 2004; Tsui et al. 2004). They are all based on the theory that the passive and active parts 
can be calculated separately and summed up for each time step. Johansson (Johansson et al. 
2000), Oomens (Oomens et al. 2003), and Lemos (Lemos et al. 2004) use non linear materials 
for the passive part but do not consider viscoelastic properties, which could be of great 
importance in high velocity impact simulations. The active parts in Johansson and Lemos are 
based on Hill-type models with active length-, velocity- and time- dependent forces, whereas 
Oomens uses another phenomenological model based on the sliding-filament theory of 
Huxley. Tsui (Tsui et al. 2004) use a viscoelastic but linear (standard linear solid) material in 
combination with a time dependent motor element that increases with strain. Lemos (Lemos 
et al. 2005) has continued his work with active muscle tissue at a detailed level. The model 
includes the fiber directions and the fiber angle is validated against ultrasound images during 
different contractions. None of these models are included in commercial software. 

6.2. Neck Muscle Models 
This review includes eight models of the human neck musculature found in the international 
scientific literature, as described in Table 7. Five of these models implement the musculature 
using discrete elements (Brolin et al 2005, Chancey et al 2003, van der Horst 2002, Wittek 
2000, Teo et al 2007), one with shell elements (Jost and Nurick 2000), and two using solid 
elements (Ejima et al 2005, Frechede et al 2005). Frechede et al (2005) uses solid elements, 
however all muscles are lumped into one entity. All discrete element muscle models, except 
Zhang’s, include active muscle forces. None of the solid and shell element models includes 
active muscle forces. The models are described in more detail below. 
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Table 7. FE models of the neck including muscles, listed with type of elements used, software code used 
and references for material parameters used in the models 

Model Muscle 
elements 

Computer 
code 

Passive 
force 

Peak muscle stress 
/ PCSA 

Geometry 

KTH, (Brolin et al. 
2005) 
 

Hill-, spring-, 
nonlinear 
damper-
elements 

LS-DYNA Myers et al 
1995 

Winters & Stark 1988 
/ Van Ee et al 2000 

Kapandji (1974); 
Goel et al (1986); 
s  

Duke, (Van Ee et al. 
2000; Chancey et al. 
2003) 

Hill-, spring-, 
linear damper- 
elements 

LS-DYNA Myers et al 
1995 

Myers et al 1995 
/ Chancey et al 2003 

Chancey et al 
(2003)  

Eindhoven, (de 
Jager et al. 1994; Van 
der Horst 2002) 

Hill elements MADYMO Deng and 
Goldsmith 
(1987)  

Winters & Stark 1988 
/ Myers 1998 

Kapandji (1974); 
Anatomical 
guidebooks  

Wittek (Nitsche et 
al. 1996; Wittek 
2000) 

Hill element PAM-SAFE Winters & 
Stark 1988 

Winters & Stark 1988 
De Jager (1996) 
Van der Horst (1997) 

Anatomical 
guidebooks 

Singapore (Zhang et 
al. 2005; Teo et al. 
2007) 

Spring passive 
elements  

LS-DYNA Yamada 1970  No activation  Deng and 
Goldsmith (1987) 

Cape Town (Jost 
and Nurick 2000) 

Shell passive 
element 

ABAQUS  -  No activation Anatomical 
guidebooks 

JAMA, (Ejima et al. 
2005) 

Solid passive 
elements 

LS-DYNA Myers et al 
1995 

 No activation  MRI of 41 year 
old male 

France (Frechede et 
al. 2006) 

Solid passive 
elements, 
anisotropic, 
linear elastic 

RADIOSS Myers et al 
1995 

 No activation  Visible Human 
Project (National 
Library of 
Medicine 1997) 

KTH  
In the KTH model, developed at the Division of Neuronic Engineering KTH, the 
musculature is represented by discrete Hill elements in parallel with dampers and spring 
elements (Brolin and Halldin 2003). The model has been validated for frontal, lateral and 
oblique impacts against voluntary experiments made by Ewing et al (1976) and Ono et al 
(1997), and against PMHS experiments in vertical loading (Bass et al. 2004). The model 
includes 14 muscle groups built up by 337 spring elements. The superficial neck muscles have 
been divided into four elements in series to account for the curvature of the neck in flexion. 
Passive properties are estimated as bilinear curves from data given by Myers et al (1995). 
PCSAs are according to Van Ee et al (2000) and peak muscle stress to Winters and Stark 
(1988). Anatomical insertion data are based on Goel et al (1986) and Kapandji (1974). 

Duke  
The neck model developed at Duke University by Camacho et al (1997), van Ee et al (2000), 
and Chancey et al (2003) includes an active spring muscle model. It includes 23 muscles 
represented by nonlinear springs in parallel with discrete contractile elements. The elastic 
spring is nonlinear elastic adjusted for a strain rate of 25/s. Material parameters for the passive 
stress-strain curves are taken from Myers (1995). Anatomical insertion points and PCSAs are 
collected from their own studies, Chancey et al (2003). The muscle model is validated in 
tension with tolerance values measured by Nightingale and Van Ee (2000).  

Eindhoven  
At Eindhoven University de Jager has developed a multibody model in MADYMO with 
discrete Hill elements representing the muscles. This model has been improved by the work of 
van der Horst (de Jager et al. 1994; Van der Horst 2002). It includes 16 different muscle 
groups divided into 68 mid sagittal symmetric Hill-element pairs. Passive properties are 
modeled according to Deng and Goldsmith (1987), PCSAs according to Myers (1998) and 

peak muscle stress, max, to Winters and Stark (1988). The anatomical origins and insertions are 
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based on data from Kapandji (1974), Platzer (1989) and Quiring (1947). This model is 
validated for frontal and lateral impact against experiments made by de Jager (1996) and de 
Jager et al (1996).  

Wittek 
Wittek constructed a spring muscle model together with Kajzer, Ono and Haug presented in a 
thesis by Wittek [Wittek (2000)]. This model includes the same 16 pairs of muscles as the 
model by van der Horst (2002) and they are represented by 86 multi-bar elements in PAM-
SAFE software. The attachment points and muscle geometry is estimated based on Soames 
(1995) and Seireg and Arvikar (1989). As for the models at KTH and Eindhoven, Wittek uses 
material parameters based on Winters and Stark (1988), and PCSAs from Yamaguchi et al 
(1990) and de Jager (1996). The model is validated for frontal flexion against experiments of 
Wismans et al (1987) and Thunnissen et al (1995).  

Singapore 
(Zhang et al. 2005) developed an FE model of the human head and neck. The vertebrae and 
the cervical discs were modeled with eight-node brick elements and the ligaments and muscles 
with spring elements. The vertebrae were modeled with elastic material. For the muscles, the 
cross-sectional area and initial length were derived from Deng and Goldsmith (1987). The 
material properties for the muscles were taken from Yamada (1970). The model has been 
validated in frontal, lateral and rear-end impacts using only passive muscles.  

Cape Town 
Jost and Nurick at the University of Cape Town take a different approach in their model using 
shell elements forming a geometrically-correct shaped neck [Jost and Nurick (2000)]. The 
obliques and rectus capitis muscles are represented by spring-damper elements much like the 
spring muscle models mentioned above. Shell elements incorporate the inertial effects of 
muscles not achieved by the spring models but there is no implementation of activated 
muscles so it is a passive model. According to the author “all relevant head-neck muscles” are 
included. The geometry was obtained mainly from Hall-Crags (1990) and Wolf-Heidegger 
(1962). The model is validated for lateral impacts in low G with volunteers, Ewing et al (1976 
and 1977) and in high G with cadavers, Bendjellall et al (1987).  

JAMA 
A solid model of the neck musculature with passive properties was created by Ejima et al 
(Ejima et al. 2005). Muscle geometry was created from MRI and incorporated to the JAMA 
model (Sugimoto and yamazaki 2005) in the code LSDYNA. Muscle tissue response was 
modeled with a passive linear elastic and viscoelastic material with a Youngs modulus of 
0.97MPa. The model is validated for head and vertebral kinematics in rear-end impact 
simulations against (Ono et al. 1997). 

France 
In the model presented in Frechede et al. (2005) they have used a different approach with a 
solid element mesh that is divided into four groups of muscle. It is created in the FE code 
RADIOSS and includes orthotropic material properties and a linear elastic material without 
viscoelasticity. The model includes the skin surrounding the muscles and since the solid mesh 
is one entity there are no problems with contact interfaces or empty spaces where the vessels, 
glands and other tissues are supposed to be. The model is validated for head kinematics in 
frontal, lateral, oblique, and rear-end impacts (Ewing et al. 1976; Dauvilliers et al. 1994; 
Kallieris et al. 1996; Prasad et al. 1997; Bertholon et al. 2000). 



Doctoral Thesis by Sofia Hedenstierna: 3D Finite Element Modeling of Cervical Musculature 

 26 

7. Methods 
The main methods used in this thesis are the numerical finite element method (Papers I, III, 
IV, V and VI) and the experimental method of EMG (Papers II and V). In Paper I the KTH 
FE neck model with spring muscles was used, whereas in Papers IV and V a new model of the 
cervical musculature was introduced and incorporated into the KTH FE neck model. In Paper 
VI the neck muscle model was further improved by incorporating the material combinations 
evaluated in Paper III. 

7.1. The KTH FE Neck Model 
All FE simulations are performed in the FE code LS-DYNA (Hallquist 2007). The KTH FE 
neck model is a numerical model of the human neck that has been developed by Halldin 2001 
and Brolin 2002 at the division of Neuronic Engineering, KTH, Sweden (Halldin 2001; Brolin 
2002; Brolin and Halldin 2004; Brolin et al. 2005), see Figure 13.  

 

Figure 13. The KTH neck model including the rigid head and shoulder parts and to the right with the 
discrete cervical musculature elements 

The model represents a 50th percentile male and includes the seven cervical vertebrae with 
trabecular and compact bone tissue, skull base, facet joints with cartilage, cervical ligaments, 
intervertebral discs, spring element muscles, and for boundary conditions a rigid skull (Kleiven 
2002) and rigid shoulder parts (Lindström 2003). The vertebral geometry is based on computer 
tomography scans of a 27-year old male and is scaled to represent a 50th percentile male. Data 
regarding size and insertion points for the ligaments and the discs are taken from the literature, 
as described by Halldin 2001; Brolin 2002; Brolin and Halldin 2004. The response of the 
model is validated at motion segment level and as an entire spine, with and without muscles 
(Brolin et al. 2005).  

The Spring Muscle Model 

The KTH neck model from 2005 includes a discrete element muscle model, see right image in 
Figure 13, consisting of Hill-type contractile elements, bilinear elastic springs and viscoelastic 
dampers. The nodes of the discrete muscle elements are chosen according to anatomy 
literature (Kapandji 1974; Goel et al. 1986), as described by Brolin (Brolin et al. 2005). To 
account for the neck curvature of the superficial neck muscles that elongate over the complete 
cervical spine, e.g. the Trapezius and Splenius muscles, they are divided into two or more 
spring elements in series. The nodes connecting two serial spring elements are constrained to 
the closest rigid vertebra to force the muscle elements to follow the curvature of the vertebral 
column. The passive elastic material properties are defined with a bilinear curve approximated 
from the stress-strain curve of experiments on rabbit muscle performed by Myers et al (1995). 
The active muscle force is described for each muscle by the muscle optimal length, peak force 
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(Winters and Stark 1988) and PSCA (Van Ee et al. 2000). Each muscle is also assigned a curve 
describing its activation as a function of time, dependent on load case. 

Table 8. Material and element types implemented in the human neck FE model. Vertebrae C2,C4, and 
C6 were modeled with rigid bodies. And the failure data used to define the injury criteria.  

 Element type Material type Stiffness Injury Criteria 

Cortical bone 
C1,C3,C5,C7 

4-node shell Linear viscoelastic 15 GPa 
-125/200 MPa [Carter 
and Hayes, 1977] 

Trabecular bone 
C1,C3,C5,C7 

8-node solid Linear viscoelastic 0.5 GPa 10 MPa ? 

Transverse 
ligament 
Vertical Cruciate 

4-node membrane Linear elastic 
Brolin and Halldin 
2003 

 
 
Yoganandan et al 2001 

All other ligaments 2-node spring Non-linear tension only 
Yoganandan et al 2001, 
Myklebust et al 1988 

Intervertebral disc: 
Anulus Fibrosis 
Anulus Matrix 
Nucleus Pulposus 

 
4-node membrane 
8-node solid 
8-node solid 

 
Linear elastic, anisotropic 
Linear viscoelastic 
Linear elastic, 
incompressible 

 
30, 6 MPa* 
3 MPa 
1 MPa 

- 

Cartilage 8-node solid Linear elastic 10 MPa - 

Active Muscle 
Elements 

2-node spring Hill contractile 
No passive 
stiffness 

 

Passive Muscles 
Discrete 

2-node spring 
Bilinear elastic,  
non-linear damper 

0.5, 1.8 MPa#  

Muscle Solids 8-node solid 
Ogden hyperelastic, linear 
viscoelasticity 

μi=13337   
αi=14.5 **  

*The two Young’s moduli defining the anisotropic in-plane stiffness. **Ogden parameters for the shear modulus. 
#Passive stiffness below and above 12% strain (Myers et al 1995) as described in (Brolin et al 2005) 

7.2. Solid Neck Muscle Geometry 
The new solid element musculature incorporated to the KTH neck model is based on the 
geometry of middle-aged males. The muscles were modeled from MRI of a 50th percentile 
male. The MRI were taken at the Karolinska University Hospital using a 1.5 T MR camera 
with 7mm between each slice and covering the vertebral column from T12 to the skull and 
horizontally from the medial nuchal line to the right hand shoulder. For additional information 
and comparison MRI taken at the University Hospital of British Columbia, Canada with a 3T 
MR camera covering the vertebral column vertically from occipital bone to C7, with 3mm 
between each slice was used with the permission of Dr Siegmund and MEA Forensic 
Engineers & Scientists Ltd in Vancouver.  

 

Figure 14. MRI with segmented muscles at the level of the joint between the first and second cervical 
vertebra  

The MRI were imported in the software AMIRA where the cervical muscles were identified 
and segmented for each slice, in accordance with anatomical guidebooks (Netter 1987; Gray et 
al. 1989; Ellis et al. 1991), morphometric literature (Goel et al. 1986; Mayoux-Benhamou et al. 
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1990; Kamibayashi and Richmond 1998; Vasavada et al. 1998; Boyd-Clark et al. 2002; Chancey 
et al. 2003; Anderson et al. 2005), as well as neurosurgical expertise and a dissection of the 
cervical region of a PMHS at Karolinska Institutet. Since the MRI was taken at a supine (lying 
down) position and the KTH neck model represents a sitting person, the muscle geometries 
were adjusted to a normal lordosis in the software Ropt (Holm 2005) before being meshed 
into finite elements.  

 

Figure 15. Adjustment of the KTH neck model with muscle surfaces from a supine position as in the 
MRI to a normal lordosis of a sitting person 

All muscles were modeled for one side and then reflected symmetrically to the other side. The 
muscles were modeled using solid eight node hexa-elements and six node wedge elements. At 
each end of the muscle a rigid end plate was defined and used in a rigid body attachment to 
the skeleton. Since the vertebrae are elastic one shell element with rigid properties was added 
to the surface of the vertebra. The final model, seen in Figure 16 -Figure 19, included 25 
separate pairs of muscles that are listed in Table 9. Individual muscles are presented in 
Appendix 2. The length and mass of the muscles were compared with published data from 
PMHS studies (Goel et al. 1986; Kamibayashi and Richmond 1998). The masses of the 
muscles in the model were calculated from the muscle volume and a density of 1060 kg/m3 
(Vasavada et al. 1998). The muscle length was measured along the line of action from the 
center of the insertion and origin areas (this exceeds the fiber lengths in pennate muscles). The 
cadavers used in the comparative studies were, in Goel, middle-aged males and, in 
Kamibayashi, males and females between 66-92 years. The methods of measuring the length of 
the muscle were, in Goel, to measure the natural length in the dissected muscle and, in 
Kamibayashi, to measure along the principal line of action along a muscle fiber. 

 

Figure 16. KTH neck model with solid musculature 

 



Doctoral Thesis by Sofia Hedenstierna: 3D Finite Element Modeling of Cervical Musculature 

 29 

 

Figure 17. Anterior muscles in the KTH neck model with solid musculature including SCM, Hyoid, and 
Levator Scapula to the left. To the right anatomical illustration of anterior muscles (Gray 2000). 

 

 

Figure 18. Posterior muscles in the KTH neck model with solid musculature including TZ and Splenius 
Capitis. To the right anatomical illustration of the posterior muscles (Gray 2000). 

 

 

Figure 19. Deep muscles in the KTH neck model with solid musculature. Anterior muscles including 
Longissimus Capitis, Longus Colli, and the Scalenus to the left and posterior muscles including the 
Suboccipital muscles and Semispinalis Capitis to the right, with anatomical illustration of deep muscles 
(Gray 2000). 
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Table 9. Muscles included in the KTH solid neck muscle model with mass and length as given by Goel 
et al. 1986, Kamibayashi and Richmond 1998, and in the KTH neck model 

Muscles Mass [g] Length [mm] PCSA 

  
[Goel] [Kami] 

KTH 
model 

[Goel] [Kami] 
KTH 

model 
van Ee 

Rectus Capitis post. major  4.0 3.5 3.46 55  61 

1.0 Obliquus Capitis superior 2.6 2.5 1.6 42  51 

Obliquus Capitis inferior 4.6 5.1 3.3 57 44 51 

Rectus Capitis post minor 3.6 1.0 1.5 48  33 1.0 

Semispinalis Capitis  36.6 38.5 44.4 223 117 285 
8.6 

Semispinalis Cervicis  21.8  24.2 167  200 

Longissimus Capitis  32.3  
16.6 

376  237 

2.5 Longissimus Cervicis 32.5  268   

Iliocostalis Cervicis   4.4  150  

Multifidus   55.0   440  

Splenius Capitis  17.6 42.9 32.1 155 123 260 
4.5 

Splenius Cervicis  14.6  15.5 188 147 290 

Levator Scapula  29.2  47.7 232 82 160 3.1 

Trapezius 180.0 172.4 102.3 460 391 591 13.7 

Rectus Capitis Anterior   0.6   33 
0.9 

Rectus capitis Lateralis   1.0   29 

Longus Colli (inferior, 
superior and longitudinal) 

6.9  10.2 104  188 1.4 

Longus Capitis 4.9 3.7 8.6 104 92 115 1.7 

Scalenus Anterior 7.8 5.6 8.5 91  115 

4.3 Scalenus Medius 5.0 10.6 14.4 82  139 

Scalenus posterior  8.5 10.8 6.7* 106  84* 

Sternocleidomastoid  39.5 40.4 49.2 192 190 229 4.9 

Infrahyoid   15.2   105 1.3 

Suprahyoid   Springs    1.0 

*Does not include the entire muscle 

 
To provide anatomically correct attachment points for the insertions of the posterior muscles, 
a rigid body model of the mastoid processes was added to the skull of the KTH model. For 
insertion of the Hyoid muscles, the hyoid bone was added and constrained to the 3rd cervical 
vertebra. The mastoid and hyoid geometries were modeled from MRI of a 50th percentile male 
and the anthropometrical measures were compared with the literature (Benfer 1975; Abu 
Allhaija and Al-Khateebb 2005; Sahin Saglam and Uydas 2006) and are listed in Table 10 and 
Table 11.  

Table 10. Anthropometrical data of the Mastoid process as measured in the model and from literature 

 Distance in mm between: 

Mastoid Process 
Mastoid - Mid 
sagittal plane 

Mastoid - Frankfurt 
plane 

Mastoid - Mid 
coronal plane 

Measured in the model 50.5 39.0 1.1 – 1.4 

From Literature (Benfer 1975) 51.0 27.7 11.7 
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Table 11. Anthropometrical data of the Hyoid bone as measured in the model and from literature 

 Distance in mm between: 

Hyoid Bone 
Hyoid
- C2* 

Hyoid- 
C3* 

Hyoid
- C4* 

Hyoid-
mandib. 

Plane 

Hyoid
- RGN 

Hyoid- 
Bolton 
Point 

Hyoid- 
NSL 

Measured in the model 37.6 32.6 37.3 31.2 54.3 92.4 107.5 

(Sahin Saglam and Uydas 2006) 49.5 42.7 45.6   101.6 120.3 

(Abu Allhaija and Al-Khateebb 2005)  37.0  15.0 43.1   

 
To support the anterior muscles, Longus Colli and Hyoids, a combined trachea and esophagus 
was included in the model. It was modeled as a cylinder attached to the hyoid bone at the top 
and free to move at the lower end, and with a Young’s modulus of 0.6 MPa. The Ligamentum 
Nuchae was included in the model to prevent the posterior muscles from buckling in head 
extension. The Ligamentum Nuchae was modeled with nonlinear elastic membrane elements 
with a shear modulus of 1.0 MPa, based on published data of geometry and material properties 
(Johnson et al. 2000; Mercer and Bogduk 2003). The final muscle geometry was compared 
visually with the original MRI for anatomical validity and the neck circumference was 38.4 cm, 
which corresponds with measurement on volunteers (Mertz and Patrick 1971).  

 

Figure 20. The Mastoid process, Ligamentum Nuchae, Hyoid bone, and Trachea/Esophagus as 
included for boundary conditions in the KTH neck model 

7.3. Material Modeling 
The solid element neck musculature is modeled with the rubber material defined by Ogden 
and implemented in LSDYNA (Hallquist 2007), with strain energy potential from equation 
(5.5) and stress-strain relation from equation (5.7). The material parameters, both hyperelastic 
and viscoelastic, were computed from experimental data on rabbit muscle tissue (Myers et al. 
1995). The Ogden material model, with viscoelasticity and parameters as presented in the 
rabbit model in Paper III, is used in the cervical muscle model presented in Paper IV, V and 
VI. In the rabbit muscle model in Paper III a uniaxial hyperelastic and quasi-linear viscoelastic 
material (equations 5.8 and 5.11, (Fung 1993)) is used as well. 

7.3.1. Active Muscle Material Modeling 

The active muscle response is represented by Hill-type elements (chapter 6.1.1). In the first 
version of the KTH solid neck muscle model, called the Continuum Muscle Model (CMM), 
the active elements are separated from the solid mesh (Paper IV). In Paper III the Hill 
elements are divided into many serial connected and parallel elements incorporated in the solid 
mesh. This element combination is called a Super positioned Muscle Finite Element (SMFE) 
and allows the active forces to follow the muscle geometry during deformation (Figure 21). 
The SMFE is constructed from solid eight-node elements with hyperelastic and viscoelastic 
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properties and Hill-type elements in axial direction. SMFE is evaluated for a single muscle in 
Paper III and for the KTH neck muscle model in Paper VI. 

Solid element

Spring element

 

Figure 21. The SMFE element; a combination of discrete Hill elements and solid nonlinear viscoelastic 
elements attached at coincident nodes. 

7.4. Active Neck Muscles: Incorporating SMFE in the cervical 
musculature 

The second version of the KTH solid neck muscle model incorporates the SMFE in the solid 
element mesh, defining the SMFE muscle model (SMFEMM). Active material parameters in 
the SMFEMM were taken from the same sources as for the spring muscle model. PCSA were 
found in Van Ee et al. 2000 or approximated from the model geometry (Table 12). Peak forces 
assigned to each spring were based on the PCSA of the muscle and the maximum stress 

(max=50N/cm2 (Winters and Stark 1988)) divided by the number of spring elements in 
parallel. Peak force for each muscle and the parallel springs are listed in Table 12. 

Table 12. Active muscle properties of the cervical muscles; PCSA (Van Ee et al. 2000), peak isometric 
force, number of springs in parallel, and peak isometric force in each spring. 

MUSCLES 
PCSA (cm

2
) 

Fmax (N) 
Nr Springs 
in Parallel 

Fmax/ spring 
(N) Van Ee FE model 

Multifidus  1.3 67.0 22 3.05 

Semispinalis Cervicis 3.1  153.0 22 6.95 

Semispinalis Capitis 5.5  276.0 18 15.33 

Splenius Cervicis 1.4  71.5 18 3.97 

Splenius Capitis 3.1  154.5 25 6.18 

Longissimus 2.5  123.5 22 5.61 

Iliocostalis 1.0  52.0 22 2.36 

Levator Scapula 3.1  156.0 30 5.20 

SCM 4.9  246.0 22 11.18 

Trapezius 10.0  498.0 33 15.09 

Rectus Capitis Posterior Minor 0.9  46.0 14 3.29 

Rectus Capitis Posterior Major 1.7  84.0 14 6.00 

Oblique Capitis Inferior 1.9  97.5 18 5.42 

Oblique Capitis Superior 0.9  44.0 14 3.14 

Rectus Capitis Anterior  0.7 32.5 14 2.32 

Rectus Capitis Lateralis  0.7 32.5 14 2.32 

Scalene Anterior 1.9  94.0 22 4.27 

Scalene Medius 1.4  68.0 22 3.09 

Scalene Posterior 1.1  52.5 22 2.39 

Longus Colli inferior  0.8 40.0 22 1.82 

Longus Colli longitudinal  0.9 45.0 22 2.05 

Longus Colli superior  0.4 20.0 22 0.91 

Longus Capitis 1.4  68.5 30 2.28 

Hyoids inferior 1.2  61.5 18 3.42 

Hyoid Superior 1.1  56.0 1.5 37.33 
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7.5. Kinematical validation against volunteer experiments 
The KTH neck model with solid element muscles has been compared to results from three 
published volunteer sled tests regarding head kinematics.  

 Rear-end impact of 4g (Davidsson et al. 1999)  

 Lateral impact of 7g (Ewing et al. 1976)  

 Frontal impact of 15g (Ewing et al. 1976) 
 
In Paper IV the CMM was evaluated in rear-end, frontal, and lateral impacts (Figure 22). In 
Paper VI the SMFEMM was evaluated for frontal and rear-end impact (Figure 23, Figure 24). 

 

Figure 22. Head lateral flexion during a 7g lateral impact, as simulated by the KTH neck model with 
solid element musculature in combination with active spring elements (CMM) 

 

Figure 23. Head extension during a 4g rear-end impact, as simulated by the KTH neck model with 
SMFE musculature 

 

Figure 24. Head flexion during a 15g frontal impact, as simulated by the KTH neck model with SMFE 
musculature 

7.6. Ligament Injury Prediction using injury criteria and FEA 

In Papers I and VI the KTH neck model is used for injury prediction of the cervical ligaments. 
Injury is predicted when the resulting ligament elongation exceeds a given failure value unique 
for each ligament. The injury criteria for the cervical ligaments in the KTH neck model are 
calculated by Brolin and Halldin (2004) from published data on ligament elongations at failure 
(Myklebust et al. 1988; Yoganandan et al. 1998). The experimental studies presented both 
force and deflection at failure but as force-to-failure is highly dependent on the loading rate 
whereas elongation-to-failure is less sensitive to loading rate the latter is a good choice for 
injury prediction (Table 13). The published ligament failure deformations are measured on 
spine specimen 60 to 80-year-old individuals and is scaled by a factor 1.25 to represent a 
middle-aged male with more elastic ligaments according to the results presented by (Iida et al. 
2002). 



Doctoral Thesis by Sofia Hedenstierna: 3D Finite Element Modeling of Cervical Musculature 

 34 

Table 13. Failure deformation of spinal ligaments, representative of the elderly population (Myklebust et 
al. 1988; Yoganandan et al. 1998) and scaled failure deformations representative of a 50th percentile male 

Ligament 
65 years/30 years 

Ligament deformation at failure (mm) 

C0C1 C1C2 C2C3 C3C4 C4C5 C5C6 C6C7 

Alar Ligament  14 / 18      

Apical Ligament  11 / 14      

Vertical Cruciate  25 / 30      

Anterior Atlantoocipital 
Membrane 

 19 / 24      

Anterior Longitudinal 
Ligament 

 12 / 15 9 / 11 4 / 5 5 / 6 5 / 6 8 / 10 

Tectorial Membrane  12 / 15      

Posterior Longitudinal 
Ligament 

  10 / 13 7 / 9 4 / 5 5 / 6 5 / 6 

Posterior Atlantoocipital 
Membrane 

 15 / 19      

Ligamentum Flavum  9 / 11 6 / 8 6 / 8 13 / 16 8 / 10 8 / 10 

Capsular Ligament 10 / 13 9 / 11 9 / 11 9 / 11 9 / 11 9 / 11 10 / 13 

Interspinous Ligament   7 / 9 7 / 9 7 / 9 8 / 10 9 / 11 

7.7. Electromyography 
To create a state-of-the-art muscle model it is important to include realistic activation schemes. 
In Paper II muscle electrical activity was measured on volunteers. During experiments 
performed at MEA Forensic Engineers & Scientists Ltd in Vancouver, Canada, EMG was 
measured on volunteers with wire and surface electrodes during both isometric and dynamic 
tasks. Results from the isometric contractions, voluntary motions, and one rear-end sled 
impact test, are presented in Paper II. Relative EMG amplitudes from sled impact tests in 
multiple directions are presented in Paper V. 
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8. Results  
The results from individual papers are presented in order. In the first paper a spring muscle 
model is used to study the influence of muscle activation on neck injury prediction. The 
second paper studied neck muscle activation schemes in static and dynamic actions. Papers III 
- VI present different steps in the development of a cervical muscle model with solid elements 
and continuum mechanical properties. 

Paper I: The importance of muscle tension on the outcome of 
impacts with a major vertical component 

In Paper I the head response of the KTH model was compared with the PMHS head motions. 
The kinematics of the KTH model correlated well with the experimental data concerning 
displacement magnitudes. Furthermore, the ligament strains in the KTH model accurately 
predicted injury in ALL and LF found in the PMHS. The model also predicted injury to ISL, 
alar and apical ligaments that were not seen in the PMHS experiment.  
 
The muscle activation study showed that active muscle forces reduce the risk of injury in 
ligaments, especially in the upper cervical spine at high impact severities. The relaxed muscle 
activation decreased and delayed the peak rotation of the head relative to T1 compared with 
the model with only passive muscle properties. This was seen for all three impact-severities 
(5g, 13.5g, and 22g), though primarily at low energy impacts (Figure 25). The fully activated 
model had a considerably reduced peak head rotation compared with the other two 
configurations. At 5g, full muscle activation generated larger forces than the actual impact 
forcing the head into extension instead of flexion. This resulted in increased ligament 
deformation at full activation compared with the relaxed and no-activation models. In high-
energy impacts (22g), the fully activated model was forced into head extension in the initial 
phase of the impact before falling forwards into flexion. Furthermore, the activation study 
showed that it was possible to keep the head stabilized in a gravitational field if an initial head 
displacement of 0.004m and 0.06 radians was allowed when the muscle force and gravitational 
force was applied. 

 

Figure 25. Head relative to T1 rotation about the X-axis (i.e. flexion) for the KTH neck model without 
muscle activation, with relaxed muscle activation, and with full muscle activation at impacts of 5, 13.5, 
and 22 g.  

Paper II: Electromyography of Superficial and Deep Neck 
Muscles During Isometric, Voluntary, and Reflex Contractions 

The isometric test in Paper II resulted in peak isometric forces, and directional preference in 
eight measured muscles. Peak horizontal forces generated during MVC trials varied from a 
minimum of 118 N in anterolateral flexion to a maximum of 323 N in extension. All nine 
muscles were active over a well-defined directional range between 90 and 180 degrees wide. 
Outside of this range, a muscle was essentially quiet. Except for Splenius Capitis, the preferred 
activation directions of all muscles were similar in all subjects and consistent with their 



Doctoral Thesis by Sofia Hedenstierna: 3D Finite Element Modeling of Cervical Musculature 

 36 

anatomical position relative to the spine. Splenius Capitis however, despite its posterior 
anatomical location, was primarily active during lateral and anterolateral flexion, and on 
average more than 50% active during pure flexion. The 50 N isometric sweep contractions 

generated muscle-tuning curves that were similar, but not identical, to those generated by the 
MVCs. Some muscles, particularly SCM and Semispinalis Capitis remained active throughout 
the 360 deg sweep, whereas other muscles, particularly Trapezius were active over a larger 
angular range during the sweep than during the MVCs. 
 
In the dynamic tests, the voluntary flexion/extension induced similar activation strategies as 
the response to forced head extension. Voluntary flexion/extension movements were 
generated using a similar strategy in all three subjects. STH and SCM muscles accelerated the 
head into flexion, whereas Semispinalis Capitis, Semispinalis Cervicis, and Multifidus muscles 
accelerated the head into extension. Levator Scapulae, TZ and Splenius Capitis were less 
consistent. In rear-end impact perturbations the head was forced into extension. All three 
subjects had early STH and SCM activation, with peak levels between 0.5 to 1.9 times MVC. 
This anterior muscle activation preceded peak forward linear acceleration of the head with 
respect to T1 and returned to baseline by the time peak head extension occurred, about 190 
ms after perturbation onset. The posterior muscle did not act consistently during sled 
perturbations. These findings suggest that the common numerical-modeling assumption that 
all anterior muscles act synergistically as flexors is reasonable, but that the related assumption 
that all posterior muscles act synergistically as extensors is not. 

Paper III: Evaluation of a combination of continuum and truss 
finite elements in a model of passive and active muscle tissue 

The aim of this study was to evaluate a new approach to model active muscles in FEA by 
combining visco- and hyperelastic solid elements with active spring Hill elements. The 
evaluation of a single SMFE verified that this material element combination gave the same 
results as the sum of a pure solid model and a pure Hill element model. Passively the SMFE 
showed similar behavior as the passive quasi-static experiment from Davis (2003). The best 
response was found in the QLV model whereas the Ogden model over-predicted the stress by 
about 0.03MP for all strains. In the dynamic tensile testing, both models clearly predicted a 
rate-dependent stress response for various strain rates. During active simulations it was found 
that the series connected contractile elements caused instabilities as they were stretched to 
different lengths. This was reduced by the addition of viscoelastic stiffness, and by reduction 
of the gradient of the force-relative length curve. However, this out-leveled force-relative 
length curve caused the SMFE models to over-predict the active stress response at high strains 
(Figure 26). The strain distribution predicted by the SMFE model during isometric contraction 
was non-homogeneous.  
 
The muscle model with SMFE was evaluated and compared against experimental results for 
strains up to 25%. The developed model is therefore suitable for use in a model of a larger 
skeletal joint complex for the study of muscle behaviors in the strain region below failure. The 
main benefits were the addition of strain distribution, geometrical flexibility, compressive 
properties, and contact interactions with the advantages of the Hill element’s active properties.  
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Figure 26. Engineering stress-strain curves from tensile simulations with a strain rate of 1 s-1 and 25 s-1, 
and experimental results from Myers et al (1995). The curves show the passive stress, the truss and total 
active stress, δσ denotes the difference between experimental and SMFE active stress.  

Paper IV: How does a Three-Dimensional Continuum Muscle 
Model Affect the Kinematics and Muscle Strains of a Finite 
Element Neck Model Compared to a Discrete Muscle Model in 
Rear-End, Frontal, and Lateral Impacts 

This study showed the differences between a continuum (CMM) and a discrete (DMM) 
representation of the passive part of the muscle. For passive simulations, the head kinematics 
was significantly stabilized in the CMM compared to the DMM. The maximum head 
displacement was reduced, especially in the rear-end impact, to less than 66% in z direction. 
The least difference was seen in frontal impacts where all simulations had contact between 
chin and torso, restricting head flexion. Also the vertebral rotations were smaller in the CMM 
than in the DMM during passive simulations. The predicted muscle strains were mainly lower 
in the CMM than in the DMM for all simulated load directions (lateral, front, rear-end). In 
frontal impacts the CMM showed up to 6 times lower strains in the posterior muscles than the 
DMM. The CMM also predicted lower strains in the posterior muscles, 10 times lower for the 
rear and 4 times for lateral impacts. The suboccipital muscles, linking the skull with the first 
and second vertebra, instead showed generally higher strains in the CMM than for the DMM. 
 
The increased stiffness caused by the continuum elements restricted the kinematics of the head 
and the cervical vertebrae. This will consequently alter the injury prediction in the cervical 
ligaments between the vertebrae. The added continuum muscles also decreased the applied 
muscle activation needed for tuning the head to volunteer data. The developed CMM proved 
to be numerically stable for all tested impact directions and suitable for use in simulations of 
both low and intermediate acceleration pulses. The main benefits are the prediction of strain 
distribution, geometrical flexibility, compressive properties, and contact interactions. The 
CMM is preferred to the DMM when the higher computational time is justified by the benefits 
of the continuum mechanical properties.  

Paper V: Neck Muscle Load Distribution in Lateral, Frontal and 
Rear-end Impact; a 3D Finite Element Analysis 

Paper V showed that passive muscle force, strain and internal energy could be analyzed during 
impact loading using a 3D continuum FE model of the cervical musculature. The load 
distribution in the cervical muscles varied with both impact direction and peak acceleration. 
For each direction a few muscles were identified as main load carriers (Figure 27). The 
dominant muscles identified by the model for each direction were Splenius Capitis, Levator 
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Scapula and SCM in lateral, Splenius Capitis and TZ in frontal, and SCM, Rectus Capitis Minor 
and Hyoids in rear-end impacts. This corresponds well with the muscles described as 
important voluntary force producers by Kumar and by Schüldt, and is similar to those 
identified by EMG recordings during impact loading in Siegmund et al (2007). Peak sectional 
forces, internal energies and strains increased in most muscles with increasing impact 
acceleration. The load distribution varied with peak accelerations with an increasing part of the 
load carried by the superficial muscles at high impact severity. 

 

Figure 27. Sectional forces in 3 directions and 4 accelerations; and main force producers in 
corresponding directions. Muscles with * were measured jointly as TZ/cerv erect spin.  

Green Lagrange effective Strains were highest in lateral impacts and lowest in rear-end impacts. 
During lateral impacts high strains were seen in Levator Scapula, SCM, TZ and the Scalenus 
muscles. During frontal impacts, high strains occurred in the extensor muscles, whereas for 
rear-end impacts high strains were found in the Hyoid and suboccipital muscles. The internal 
energy increased with applied peak acceleration for all muscles except between 1 and 5g, where 
it decreased for a few of the Suboccipital muscles (RCapMin, OblSup, RCapAnt and 
RCapLat). The sum of muscle internal energy was highest during frontal and lowest in rear-end 
impacts. As a percentage of the whole neck internal energy, rear-end impacts generated the 
lowest muscle energy. Internal energy increased with increasing peak T1 acceleration, especially 
between 1 and 5g. Nevertheless, in relation to the total internal energy, the proportion of 
internal energy in the muscles decreased with increasing acceleration for all impact directions. 

Paper VI: Development of an active solid neck muscle FE model 
and its influence on neck injury prediction  

The Super-positioned Muscle Finite Element (SMFE) was incorporated in the KTH neck 
model and resulted in a stable model with good agreement to volunteer kinematic corridors 
for frontal and rear-end impacts.  
 
Peak isometric force in flexion was within the range of experimental findings (Table 14). The 
peak isometric force in extension was initially higher than that measured in voluntary 
contractions. Changing the steep force-length curve (ƒL(lr)) to the old spring muscle model 
curve, resulted in peak forces of 60N in flexion and 340N in extension. Peak extension force 
was then within the volunteer values although in the higher range. Peak flexion was instead 
just below the lower limit of volunteer data. With the flat ƒL curve scaled with 0.6, similar peak 
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forces as for the steep curve were predicted. The SMFEMM was stronger than the CMM, 
mainly due to the flat ƒL-curve.  

Table 14. Peak neck forces from experimental studies and from the KTH neck model. 

Study Flexion peak force Extension peak force 

Literature 72N-230N 100N-323N 

KTH neck model steep curve ~60N ~320N 
KTH neck model ~130N ~510N 
KTH neck model scaled 0.6 ~70N ~310N 
 
It was shown that the incorporation of contractile elements in the solid mesh alters the 
kinematics and injury prediction of the KTH neck model. Head peak extension/flexion was 
smaller for the SMFEMM compared to the CMM during rear-end and frontal impacts 
respectively. The ligament injury prediction was reduced and the muscle strain prediction in 
eccentric contractions was decreased in the SMFEMM compared to the CMM and DMM. 
Since the volunteer experiments used for simulation did not present any documented soft 
tissue injuries, this was a model improvement. Moreover, the SMFEMM reduced the buckling 
of muscles in compression as the active elements supported the solid elements during 
concentric contraction. This was a more realistic response than the buckling seen in the CMM. 
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9. Discussion 
The main result of this thesis is the presentation of the 3D KTH neck muscle model, which 
has added contact interfaces, compressive stiffness, continuum mechanical material properties, 
and 3D geometry to the musculature in the KTH neck model.  
 
As seen in the appended papers, modeling the solid musculature increased the biofidelity of 
the KTH neck model by stabilizing the cervical column during impact loading. The solid 
model reduces head peak displacement and decreases ligament deformations compared to a 
discrete muscle model (Papers IV and VI). This means that the solid element model 
(SMFEMM) predicts less injury than the spring model, which earlier over-predicted injury 
levels as seen in Paper I. The stabilizing effect of the passive solid elements is seen especially in 
low severity impacts during head extension (Paper IV), caused by the compressive stiffness. 
With incorporated active contractile forces in the solid mesh (Paper VI) the stiffening effect is 
enhanced and, this time, especially for medium severity head flexion. One probable cause is 
that the SMFE gives more accurate lever arms and force directions as the active forces follow 
the geometry of the muscle. Another reason is that the contracting forces support the solid 
elements reducing buckling of the muscles and thereby increasing the compressive stiffness 
already seen in the passive model. One important consequence of the increased passive 
stiffness is the decreased need for applied active contractile forces.  
 
It is seen that muscle activation in general protects the cervical tissues by reducing head 
deflections (Paper I), however, it also adds to the compressive forces in the cervical column. 
Exaggerated and wrongly applied muscle activation may result in increased buckling of the 
cervical column and increased load in some ligaments. Another effect of exaggerated muscle 
activation in combination with external loads is an increased risk of acute strain injury in the 
muscle tissue during contraction in combination with an external elongation force. In 
statistical data, it has been found that occupants who state that they tensed the neck and 
shoulder muscles at the time of impact were at a significant higher risk of initial neck 
symptoms compared to occupants not tensing their muscles (Jakobsson et al. 2000b). This 
could be a consequence of exaggerated muscle forces together with high strain or strain rates. 
To prevent initial neck pain due to acute strain from vehicle accidents or high performance air 
flights, we must have an increased understanding of the muscle injury mechanisms. It is of 
interest to study how the timing of peak muscle strain and force correlates with head 
kinematics and muscle activation measured on volunteers. The possibility to predict muscle 
tissue strain, force and energy is the most significant improvement with the SMFEMM 
compared to the discrete muscle model. Muscle strain is difficult to measure with conventional 
experimental methods. Therefore, it is difficult to validate the strain response of the 
SMFEMM.  
 
Implementation of musculature in an FE model is important in order to predict a realistic neck 
response, see Figure 28. A neck model without musculature cannot satisfactorily simulate 
spinal stability. To predict the neck response of a volunteer, the musculature must include 
active forces. In Figure 29, it is apparent that muscle activation influences the prediction of 
ligamentous injuries. Implementation of 3D continuum muscles improves the failure 
prediction compared to discrete muscle models, as seen in Figure 29, where failure data was 
reduced to a better correlation with the volunteer experiments where no injuries were 
reported.  
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Figure 28. Head kinematics during 4g rear-end impact for the KTH neck model without -, with passive 
(CMM), and with active muscles (SMFEMM) respectively (volunteer experiment by Davidsson et al 
1999) 

 

 

Figure 29. Ligament strain normalized to failure for low energy rear-end impact (above) and moderate 
energy frontal impact (below) simulations, with passive springs, passive solid, active spring, active 
spring and solid, active SMFE model. 

The single largest contributing parameter effecting FE model head and vertebral kinematics, is 
the active muscle force. Therefore, it is important to apply realistic activation schemes in the 



Doctoral Thesis by Sofia Hedenstierna: 3D Finite Element Modeling of Cervical Musculature 

 42 

model. There is however little knowledge about the active forces in individual muscles during 
dynamic motions. The global maximum force in a numerical model can be validated against 
volunteer isometric forces at maximal effort (Paper VI). The total force of all active neck 
muscles during relaxed postures can be evaluated by indirect measurements such as disc 
pressure or joint forces (Paper I). EMG has been proposed as a technique to provide 
activation schemes in a numerical model regarding timing and amplitude (Paper II). However, 
EMG data from experimental studies is often limited to sample sizes of less than 10 subjects. 
Since the variation between subjects is large the results are generally of low statistical power. 
The individual response could be modeled with EMG from one subject and with a subject 
specific FE neck model. EMG studies with a small number of subjects, like Paper II, are also 
valuable for a qualitative understanding of activation physiology.  
 
In order to validate the load level in individual muscles in the SMFEMM during impact 
loading, it was attempted to combine data from experimental EMG with the FE neck model. 
Although the influence of musculature on head and neck biomechanics is definitely in the 
forefront of research today, very few studies have combined clinical data and numerical 
simulations (Heintz and Gutierrez-Farewik 2007; Vasavada et al. 2007). In experimental 
studies, EMG is used as an indicator of muscle load. In Paper V the correlation of the reflex 
activation, measured on volunteers, and the mechanical load predicted by the FE model was 
evaluated. Both methods showed increased muscle response for higher loads and distinguished 
the same group of muscles as main load carriers for several impact directions. However, it was 
seen that the electrical stimulus of the muscles depends on more factors than the external load. 
The missing link between EMG and FEM could be the clinical ultrasound technique. Tissue 
Velocity Imaging (TVI) is an ultrasound technique using Doppler or speckle tracking. It is 
possible to study muscle strain and fiber angles in vivo during work using TVI (Peolsson et al. 
2008). The combined information from FEM, EMG, and TVI provides an opportunity to give 
new insights into muscle physiology during loading by distinguishing between externally 
applied strains and stimulated contraction strains. Another clinical method of interest is the 
Positron Emission Tomography (PET) that visualizes tissues with increased uptake of 
radioactive markers. One of these markers has been found to attach to areas of inflammation 
(Linnman 2008). This technique could be used to correlate areas of predicted high loads in an 
FE muscle model with the detected areas of inflamed muscle tissue in patients that have 
sustained neck pain symptoms. To accomplish a better connection between clinical, 
experimental and numerical methods there is a need to clarify some of the terminology, such 
as the terms strain, stress and load. The concept of strain should be defined more in detail and 
divided into different terms for passive subjected load and actively produced strain. One 
important benefit with the solid element neck muscle model is the ability to visualize the 
concepts of stress and strain to clinicians and non-engineers. The realistic visualizations 
generated by the SMFEMM are a pedagogical means by which to introduce a biomechanical 
way of thinking, clarify injury mechanisms, and explain methods of treatment to the clinician 
and the patient.  
 
The KTH neck muscle model was primarily developed for use in accident impacts where the 
musculature is subjected to large deformations at high strain rates. At these conditions a 
nonlinear elastic and viscoelastic material description will have a significant effect on the 
results. As expected, the viscoelastic effect at high strain rates was seen in Paper III in both 
experiment and simulation of a single muscle. The importance of implementing the 
viscoelastic response was also clearly seen in the neck model where the viscoelastic stiffness 
decreased maximum head rotation by up to 20% (Figure 30).  
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Figure 30. Head rotations due to a 5g frontal impact, predicted by the KTH neck model with solid 
element musculature with and without viscoelastic parameters 

The KTH model is, like all numerical models, a simplification of reality. Changing from a 
discrete to a continuum muscle model increases the level of detail and the number of input 
parameters. Thereby, new simplifications need to be considered. To ensure a reliable and 
realistic response in the solid neck muscle model, the input parameters are based on biological 
data from the literature. Muscle geometry is based on morphological data (MRI, CT, reported 
muscle volumes, insertions and origins); Material behavior is based on biomechanical data 
(stress response, ultimate failure elongations); Active muscle response is based on physiological 
data (EMG). However, data does not exist for all input parameters and variables are collected 
from several sources with specimen and volunteers of different ages and genders as well as 
from animals. For parameters that cannot be accounted for in the literature, a value is chosen 
based on engineering judgment. Similarly, there is a lack of validation data for the cervical 
musculature. To ensure a realistic and reliable performance, the KTH neck model with solid 
element musculature has been evaluated at several levels throughout this thesis. The material 
model response is evaluated for a single muscle in passive and active states (Paper III). Head 
and vertebral kinematics are validated against volunteer data from frontal, lateral, and rear-end 
impacts (Papers IV, VI). Muscle load in individual muscles (Paper V) and peak isometric 
forces in extension and flexion (Paper VI) are compared with volunteer data.  
 
The two main limitations with the developed solid muscle model are the instability in the 
active SMFE due to the force- length relationship, and buckling in the passive solid muscles 
during compression. Leveling out the force-length curve stabilizes the SMFE but also 
increases forces at high strains (as seen in Papers III and VI). This has to be compensated for 
by scaling the maximal force in the material definition. Peak isometric force in head 
extension/flexion showed good agreement with volunteers for the scaled model implying that 
a peak head force is not performed at the optimal length of the muscle elements. Buckling is 
not a major concern for muscle injury analysis since injury occurs mainly in tensile load but 
can influence the kinematical response. In the SMFEMM, buckling is reduced as the muscle 
contracts but the passive muscles still buckle. The model presented by Frechede et al. (2006) 
meshed all muscles as one entity without distinguishing between muscles. This prevents single 
muscles from buckling while at the same time preventing the study of individual muscle 
strains. Hence, for injury prediction of muscle tissues it is more important to differentiate the 
muscles than to reduce buckling during passive loading.  
 
Today, two parallel approaches concerning muscle modeling are predominant in impact 
analysis research. This thesis exploits the approach of modeling musculature with 3D solid 
elements and continuum material properties to capture the muscles in detail. The other 
approach is to model the musculature in a simplified manner using 2D elements to reduce the 
computational times but still provide kinematic boundary conditions for the head and 
vertebrae. This second approach can be useful e.g. in “pre-crash” studies, where the main 
interest is the head and neck positions prior to impact. The solid element approach is 
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necessary in analyses of muscle strain and preferred in the study of other local tissue injuries. 
The work in this thesis has developed a finite element model of the cervical musculature that 
provides information about muscle load that has not been presented before. It has also 
improved the kinematical response and injury prediction of the KTH neck model. 
Furthermore, the biofidelity of the KTH neck model has been geometrically improved. This 
improvement provides exciting new possibilities to study how mechanical devices like 
implants, neck collars, and neck supports interact with the surrounding tissues of the human 
neck.  
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9.1. Future Work 
For further improvement of the SMFEMM the main areas to focus on are described below. 
 

 The boundary conditions from tissues surrounding the musculature (like skin, blood, and 
vessels) should be included with realistic sliding contact interfaces. It is however 
important to consider the extra stiffness that is added by additional tissues.  

 

 For a detailed muscle injury analysis and injury prediction due to strain levels the 
geometry and material representation must be improved. The myotendinous junction, 
where the majority of muscle injury occurs, should be modeled with stiffer materials 
representing the increased amount of tendinous tissue. Fiber directions with 
orthotropic material properties would also improve the local strain distribution within 
the muscle.  

 

 The KTH neck model should be more extensively validated against experiments. Part of 
this validation should be performed against PMHS experiments (Bertholon et al. 2000; 
Bass et al. 2007) where the activation does not have to be considered and only the 
passive muscle response can be validated.  

 

 The stability of the SMFE should be improved. One solution might be to recalculate the 
individual nodal forces in the SMFE to mean element values, though it seems there 
will still be uneven force distribution between in-series elements. Another solution is to 
consider the length of the entire muscle instead of individual elements. Or possibly a 
control function can be implemented that limits the active force magnitude in each 
element. 

 

 Activation data from Paper II should be used in the KTH neck model to validate the 
model behavior. The data presented can be used for validation of a neck muscle model 
at three levels of increasing neuromuscular–kinematic complexity: muscles generating 
forces with no movement, muscles generating forces and causing movement, and 
muscles generating forces in response to induced movement. These increasingly 
complex data sets can be used to incrementally tune the neck model and the active 
force generation. 

 

 A female representative model of the head and neck should be developed to find the 
differences in risk of injury between male and female necks. Although males dominate 
the mortality in records of traffic related accidents, all statistical studies agree that 
women are more likely to sustain a Cervical Spine Disorder as a consequence of a 
vehicle impact (Otte et al. 1997; Krafft 1998; Cassidy et al. 2000; Jakobsson et al. 
2000b; Hell et al. 2003). A female model should not only consider reduced muscle 
strength (Harms-Ringdahl and Schüldt 1989; Vasavada et al. 2008), but also smaller 
vertebral size in relation to body size and a different vertebra geometry (Stemper et al. 
2008).  
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10. Conclusions  
As part of this thesis a 3D solid element cervical muscle model, with continuum mechanical 
material properties and active muscle response has been developed. 
 
It was shown that a solid element musculature stabilizes the vertebral column, reduces head 
peak displacement, and decreases ligament deformation compared to a discrete muscle model. 
The compressive stiffness of the solid elements adds to the passive stiffness of the cervical 
model and decreases the need of additional active forces to reproduce the kinematic response 
of volunteers during impact. 
 
It was further shown that an active continuum musculature can be modeled by active spring 
elements and solid elements with nonlinear and viscoelastic material properties, combined in 
coincident nodes to a Super-positioned Muscle Finite Element (SMFE). The active response 
of the SMFE improves the behavior of neck musculature during impact loading.  
 
The solid element model predicted forces, strains, and energies for individual muscles and 
showed that the muscle response is dependent on impact direction and severity. For each 
impact direction, a few muscles are identified as principal load carriers.  
 
Finally, it is concluded that a solid element musculature with continuum mechanical material 
properties improves the biofidelity of the KTH FE neck model. The solid muscle model 
predicts muscle loads and provides insight into how muscle dynamics affect spinal stability as 
well as the mechanisms behind acute muscle strain injuries. The realistic simulations including 
3D musculature will also provide a tool for visualizing neck injury dynamics to the physician, 
physiotherapist and patient.   
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Appendix 1: Continuum Mechanics and Finite Element 
Analysis Theory 
Finite Element Analysis, FEA, is a numerical method for calculating the mechanics of, and 
force distribution, in complex systems of connected bodies. FEA is based on the science of 
continuum mechanics that describes mechanical behaviors of continuum solids or fluids when 
affected by internal and external forces. The term continuum is used to describe a body with 
continuous matter and distributed mass as opposed to the non-distributed particle often used 
in mechanics. In the following chapter, theory and equations of interest for this thesis are 
presented based on the literature by (Belytschko et al. 2000; Holzapfel 2000; Hallquist 2007).  
 
The fundamental equation in continuum mechanics and finite elements is the conservation of 
mechanical energy (Holzapfel 2000), where the applied energy (Pext) equals the internal energy 

(Pint) and kinetic energy (K): 

 
Pext= Pint+ K.     (A1.1) 

 
In FEA, the problem is divided into small finite elements that can be described by predefined 
equations and kinematic constraints. A dynamic FE-calculation is divided into a sequence of 
time steps. For each time step the displacement vector (u) is calculated. The kinematic 
behavior is computed by solving the momentum equation of the system:  
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where P,X is the spatial derivative of the nominal stress P, 0 the density, b the body force and 
ü the second time derivative of displacement u. Material specific properties are included 

through the constitutive equations describing the stress ,...),,,( XX uuP  .  

 
In order to solve a problem with FEA, the governing equations are made discrete by applying 
the principle of virtual work and using interpolation functions (N) that represent the element 
shape. The momentum equation transforms into a differential equation for the displacement u: 
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where M is the mass matrix and Fext and Fint are the external and internal nodal force vectors. 
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where n e is the number of elements; Ωe

0 the initial domain of the element; Γe
0 the initial 

traction boundary; A0 the initial area; t 0x traction forces; and N the shape functions.  
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To find the displacement u for each time step, the equation of motion (A1.3) is solved in the 
time domain. For an explicit program like LSDYNA, equation (A1.3) is evaluated at the 
previous time step t n where the displacements are known, and then the displacement of the 
next time step t n+1 is calculated by explicit integration using the central difference method 
(equations A1.8-A1.9).  
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The time step (Δt) used decides the number of calculations necessary to reach the termination 
time. It has to be small enough to maintain a stable solution but large enough to make the 
computational time reasonable. The smallest possible time step for a stable solution is 
computed from the element size and material stiffness. For a beam element the time step can 
be calculated as: 
 



YE

L
t       (A1.11) 

 

where L is the characteristic element length, EY the Young’s modulus, and  the density. For 
solid elements the characteristic length is the element volume divided by the area of the largest 
side. 

The concepts of stress and strain 

The main concepts of continuum mechanics and FEA are stress (σ) and strain (ε), which are 
related by a constitutive equation:  
 

,...),(  f      (A1.12) 

 
where the function ƒ is dependent on the material properties. There are a number of 
definitions of stress and strain that take different states of deformation into account.  

Strain 

Strain (
0

0

l

ll 
 ) and stretch (  1 ) are used interchangeably as the most intuitive forms 

of deformation in one dimension. In multiple dimensions strain can be described by the 
deformation gradient: 
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which is the derivative of the deformed coordinate (xi) and the reference coordinate (Xj), and 
the Jacobian determinant: 

ijFJ det .     (A1.14) 

In FEA the Green-Lagrange strain tensor (Eij) is commonly used for solid elements. 

)(
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1
ijljkiij IFFE  , trixidentitymaI ij    (A1.15) 

In one dimension Green-Lagrange is simplified into  

)1(
2

1 2
 xxE  ,     (A1.16) 

which gives a slightly higher value than the true strain. The effective Green-Lagrange strain is a 
combination of the deviatoric strains in all directions and does not consider the volumetric 
strains: 
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where dEij are strain increments.  

Stress 

The two most commonly used stress definitions are the nominal or engineering stress, 
referring to the original configuration 

0A

T
P       (A1.18) 

and the Cauchy stress, referring to the current configuration  

A

T
      (A1.19) 

where T is the traction and A0 the original- and A the current area on which the traction 
works. 
 
An additional stress definition is the Second Piola-Kirchhoff stress (S). S does not admit a 
physical interpretation in terms of surface tractions but is often used in computational 
methods like FEA together with its conjugate strain tensor Green Lagrange. S can be 
transformed from the Cauchy stress according to: 

TFJFS  1 .    (A1.20) 
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Appendix 2: Muscles Included in the KTH Solid Neck 
Muscle Model 
 
 

 
Multifidus 

 
Semi Spinalis Cervicis 

 
Semi Spinalis Capitis 

 
 

 
Splenius Cervicis 

 
Splenius Capitis 

 
Trapezius 

 
 

 
Longissimus 

 
Iliocostalis Cervicis 

 
Levator Scapula 
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Rectus Capitis Posterior 

Minor 

 
Rectus Capitis Posterior 

Major 

 
Rectus Capitis Lateralis 

 
 
 
 

 
Oblique Inferior 

 
Oblique Superior 

 
Rectus Capitis Anterior 

 
 
 
 

 
Scalene Anterior 

 
Scalene Medius 

 
Scalene Posterior 
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Longus Colli (inferior; longitudinal; 

superor) 

 
Longus Capitis 

 

 
Hyoid (inferior; superior) 

 
Sternocleidomastoid 

 
 

   

  
 

The KTH solid neck muscle model from lateral, anterior and posterior views 


