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Abstract
Over 30 000 fatalities related to the road transport system are reported anually in
Europe. Of these fatalities, the largest share is car occupants, even though significant
improvements in vehicle safety have been achieved by the implementation of in-crash
restraints and pre-crash driver support systems. Integration of pre-crash and in-crash
safety systems has a potential to further reduce car occupant fatalities and to mitigate
injuries. The aims of this thesis are to study the muscle responses of car occupants
subjected to integrated safety interventions, and to model them in a numerical human
model with active muscles. More specifically, pre-crash braking with standard and
reversible pre-tensioned restraints is investigated.
A method to model car occupant muscle responses in a finite element (FE) human
body model (HBM) was developed, utilizing feedback control of Hill-type muscle
elements. It was found that the car occupant response to autonomous braking can be
modeled with feedback control, by which stabilizing muscle activations are generated
in response to external perturbations. However, modeling driver initiated braking
requires the inclusion of a hypothesized anticipatory feed-forward response. Volunteer
tests to provide validation data for the HBM were conducted, analyzed, and utilized
for model validation. It was found that, in some car occupants, seat belt pre-tension
can cause a startle response in the form of a bilateral, simultaneous, short peak
contraction of all upper body muscles. Car occupant muscle activation levels during
normal driving and in braking events were also quantified in percent of maximum
voluntary efforts. The HBM developed with active muscles was able to capture the
kinematic response of the volunteers in these events, with muscle activation levels of
magnitude similar to that of the volunteers.
The method to model muscle responses with feedback control in an FE HBM has the
potential to improve the model response in all pre-crash and in-crash scenarios in
which muscle contraction can influence occupant kinematics, for instance multiple
events and roll-over accidents. It provides a means for the virtual development of
advanced integrated restraints that can lead to improved vehicle safety and a reduced
number of fatalities and injuries in the road traffic environment.
Keywords: active muscle; occupant kinematics; feedback postural control; anticipatory
postural control; human body model; finite element; autonomous braking; driver
braking; electromyography; seat belt pre-tension
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1 Introduction
In the year 2010, there were 319 fatalities related to the road transport system reported
in Sweden (European Commission 2012). For the 27 European Union member states
(EU27) the number of fatalities was 31 000 (European Commission 2012) and for the
United States of America (USA) the figure was 29 800 (NHTSA 2012). In addition,
23 300, 1 500 000 (European Commission 2013), and 2 217 000 (NHTSA 2012) injuries
were reported for each these regions, respectively. While these figures are
unacceptably high, the fatalities are only 34%, 41%, and 64% of the number of
fatalities for each of the regions reported in 1990, even though the distances travelled
have increased by approximately 15% and 40% in Sweden and the USA, respectively,
over the same period of time, and by 21% in the EU27 between 1995 and 2010. Hence,
road traffic safety is improving in the developed world.
Large contributions to the improvement of vehicle safety since the 1950s can be
attributed to in-crash systems such as improved vehicle structures and occupant
restraints, in particular the three-point seat belt which was first introduced in 1957.
Early studies showed an injury reduction potential of 40–90% (Bohlin 1967) or more
than 35% (Norin et al. 1984). Cummings et al. (2003) estimated a 61% lower risk of
death, using accident data from 1986–1998, for front seat occupants wearing a seat belt
compared with unbelted occupants.
More recently, accident avoidance and pre-crash systems that avoid or mitigate the
severity of accidents have been implemented on a large scale. The most important
system to date is probably vehicle stability control, which was introduced in a mass
market car model in 1998. By 2010, in Sweden, 99% of all new cars were equipped with
it (Lie et al. 2013). Vehicle stability control provides driver assistance in critical driving
situations, and has been shown to reduce the occurrence of fatal, and serious loss of
control, accidents on low-friction surfaces by 50%, and by at least 13% for all types of
crashes (Lie et al. 2006).
Vehicle stability control is implemented by individual wheel braking using sensory
information about the vehicle state. With the same hardware, combined with
additional information from a radar sensor, autonomous braking systems have been
introduced (Coelingh et al. 2007; Schittenhelm 2009), with the potential to mitigate the
severity of or to avoid rear end collisions. As more information about the state of the
vehicles and the surroundings of the vehicle becomes available, for instance through
vehicle-to-vehicle communication, it becomes possible to predict upcoming accidents.
Therefore, in emerging integrated safety systems, measures to reposition or restrain
the vehicle occupants can be taken before an impact has commenced. An example of
such a system is PRE-SAFE (Schöneburg et al. 2011), which uses reversible seat belt
pre-tension, to remove belt slack and secure the occupant, in combination with
autonomous braking prior to an impact.
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Although the fatalities and injuries summarized above consist of multiple groups of
road users, e.g. pedestrians or bicyclists, the largest group is car occupants, who
accounted for approximately 70% of the road fatalities in Sweden in 2009 (European
Commission 2012) and for 50% of the EU road fatalities in 2010 (WHO 2013). Even
though large improvements in car occupant safety have been made, there is still an
urgent need for greater safety.

1.1 Numerical Human Body Models
With increasing computational power available, numerical simulation has become an
important tool for all types of product development, especially in the automotive
industry. To evaluate the risk of injury in a simulated vehicle crash, models of the
occupants are needed. In physical testing this task is performed by mechanical models
of the human, anthropomorphic test devices (ATD), commonly known as crash test
dummies. Numerical models of ATD exist and are used extensively (Prasad and Chou
2002), but more detailed responses can be evaluated if the occupants are represented
by a human body model (HBM).
An HBM is a numerical anthropomorphic model of the human body or a part of the
human body. In principle, two modeling approaches are utilized: a multi-body systems
(MB) method, by which the human body is approximated with a system of flexible and
rigid bodies connected by kinematic joints, and the finite element (FE) method by
which the anatomical structures are divided into smaller elements, defined by nodal
points, for which approximate solutions to the governing differential equations are
determined. The MB method has the advantage of requiring shorter computational
time due to less complex models, while the FE method facilitates the study of injury
risk at tissue level and is better suited for contact simulation. However, it is common
that HBMs are hybrid models that utilize both types of modeling approaches.
Wismans et al. (1979) proposed an early whole body pediatric HBM, consisting of nine
rigid bodies connected by eight kinematic joints, and concluded that the HBM was
better than a pediatric ATD to represent the kinematics of a cadaveric subject in a 20 g
sled test. The pediatric HBM was modeled in the MB software MADYMO (TASS
2013). The MADYMO software has been continuously developed, and is today
commonly used for occupant modeling in automotive industry and research. A male
50th percentile whole body HBM, consisting of 24 rigid vertebrae, seven flexible bodies
for the thorax and multi-part extremities, was presented by Happee et al. (1998).
The FE HBMs also originate from the 1970s when they were primarily models of
specific body parts (Yang et al. 2006), in particular the head and brain (e.g. Shugar
1975; Ward and Thompson 1975). A few whole body FE HBMs exist today, e.g. the
HUMOS (Robin 2001), the THUMS (Iwamoto et al. 2002) or the GHBMC model
(Park et al. 2013). In both academic and automotive industry research, these HBMs are
simulated using commercial explicit FE solvers, for instance Radioss (Altair 2013),
PAM-CRASH (ESI 2013), or LS-DYNA (LSTC 2013).
2

A modern HBM such as the THUMS version 4 (Toyota 2011) has a high level of
detail, with over 1.8 million finite elements to represent a 50th percentile male
occupant. However, even such a complex model is still a simplification due to the
complexity of the human anatomy and the mechanical properties of biological tissues.
Therefore, in the development of HBMs many aspects have not yet been modeled in
detail and remain to be investigated. In this thesis the focus is on the inclusion and
control of muscles in HBMs, which is required for the simulation of events where the
loading is limited to a few g and the duration is long enough to allow the
neuromuscular system of car occupants time to react. Such events are typically
associated with pre-crash actions and reactions of car occupants, e.g. emergency
braking or steering.

1.2 Integrated Safety Systems
Commonly, vehicle safety systems are divided into to three main categories with a few
different names. First, systems active prior to the accident are denoted pre-crash,
primary, or active systems. Second, systems active during the crash are called in-crash,
secondary, or passive systems. Third, systems that are active after the crash has taken
place are denoted post-crash or tertiary systems. As mentioned previously, the
boundary between these types of systems are becoming less distinct with the increasing
sensory information, actuators, and processing power available in modern vehicles. In
particular, the combination of pre-crash accident avoidance and in-crash protection is
denoted as integrated safety (Seiffert and Gonter 2014). Aparicio (2005) identified five
possible actions of present and predicted future integrated safety technologies:
“Decrease vehicle speed; Prepare the vehicle for impact; Prepare occupants for impact;
Optimize impact angle; and Alert the driver”. Some of these technologies involve
interaction with the vehicle occupants. Hence, HBMs are also potential tools for
evaluation of integrated safety systems.
Systems that decrease vehicle speed by autonomous braking have already been
introduced (Coelingh et al. 2007; Distner et al. 2009; Schittenhelm 2009). It is clear that
the effect of such systems is beneficial, as the kinetic energy of the vehicle before the
accident is decreased by autonomous braking. However, Antona et al. (2010) noted
that, for equivalent speed impacts, accident statistics indicated a higher incidence of
chest injuries for drivers who performed an emergency braking prior to the impact.
Therefore, they made a study with an FE HBM in which a 0.8 g brake pulse was
applied prior to a 55 km/h impact, compared with no pre-impact braking. It was found
that, with pre-crash braking, maximum chest deflection and seat belt force were
increased, from 44 mm to 51 mm and 6000 N to 6700 N, because the model already had
a forward motion prior to the impact. This indicated a higher risk of injury due to precrash deceleration at equivalent impact speeds, which may be possible to mitigate by
the development of integrated restraint systems.
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To improve restraint functionality, and prepare occupants for impact, reversible pretension systems have been introduced together with autonomous braking (Schöneburg
et al. 2011); this allows the occupant to be more tightly coupled to the seat belt during
the autonomous braking, which reduces the forward motion studied by Antona et al.
(2010). Reversible seat belt pre-tension has also been studied in combination with
driver emergency braking (Tobata et al. 2003), lateral maneuvers (Mages et al. 2011),
pre-impact braking (Woitsch and Sinz 2014), sled tests (Ito et al. 2013), and stationary
conditions (Good et al. 2008a; Good et al. 2008b; Develet et al. 2013). In these studies,
volunteers or ATDs were used. However, ATDs have severe limitations: they are
developed to predict injury in high energy impacts and are too stiff to represent
relaxed vehicle occupants under low loading conditions (Beeman et al. 2012). The
volunteers are the best option, but as volunteers cannot be subjected to an injurious
load, it is not possible to study directly the injury reduction potential of pre-crash
activated integrated safety systems using volunteers. Both ATD and volunteer testing
are also time consuming and costly. Hence, there is a need for numerical HBMs that
can represent occupant responses in pre-crash loading conditions (Schöneburg et al.
2011, Mages et al. 2011). Such an HBM could also allow for the simulation of events
that are a combination of pre-crash and in-crash loading (e.g. Antona et al. 2010). This
HBM needs to include active musculature and a human-like control strategy of the
muscles; the passive HBM would resemble post mortem human subjects (PMHS) that,
in contrast to the ATD, are too soft in comparison with relaxed volunteers (Beeman et
al. 2012).

1.3 Aims
The objective of this thesis work is to study the muscle responses of car occupants
subjected to pre-crash braking scenarios, and to develop a an active HBM (AHBM)
that can be used for the virtual development of integrated safety systems in this type of
scenario. Two parallel, symbiotic, approaches are employed for this purpose. A
method to model car occupant muscle responses in an FE HBM was developed and
volunteer tests of car occupants subjected to pre-crash braking were carried out. The
AHBM was validated with respect to the volunteer data and applied to investigate
postural control strategies in autonomous and driver braking.
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2 Biomechanics of the Neuromuscular System
The human body has three main types of muscle tissue: skeletal muscles, heart muscles,
and smooth muscles. Skeletal muscles are responsible for movement and maintenance
of posture and are subject to both voluntary and autonomous control from the central
nervous system (CNS).

2.1 Skeletal Muscles
Skeletal muscle consists of muscle fibers, each fiber being an individual cell that can
have several nuclei along its length. The main part of the muscle fiber consists of a
repeated pattern of sarcomeres, built up by two overlapping types of contractile
proteins: actin and myosin. Upon activation of the muscle fiber, the actin and myosin
chains attach to each other through cross-bridges. This process is responsible for the
generation of active muscle contractile force at the microscopic level.
The muscle fibers are held together by sheets of connective tissue, see Figure 1: the
endomysium surrounding the fiber, the perimysium that covers several fibers, and
finally the epimysium that surrounds the entire muscle. At the ends of the muscle the
connective tissue forms tendons that attach to the skeletal structures of the body.

Figure 1. The structure of skeletal muscles. Adapted from Wikimedia (2013).

To model the mechanical properties of muscle tissue, two modeling approaches are
common: detailed biophysical cross-bridge models (Huxley 1957) and
phenomenological Hill-type models (Hill 1938; 1970; Winters and Stark 1985). The
Hill-type models are more suitable than the cross-bridge ones to model transient
events (van den Bogert et al. 1998), as they provide more accurate force responses in a
wide range of conditions, and they also have the advantage of a lower complexity.
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In a Hill-type model the mechanical properties of the muscle tissue are described by
the three elements shown in Figure 2. The Parallel Elastic (PE) element represents the
stiffness of the passive muscle tissue; the PE element is usually modeled with nonlinear characteristics as shown in Figure 3. The PE element can also include a ratedependent term, modeling the viscoelastic properties of the passive muscle tissue. The
Series Elastic (SE) element can be regarded as the tendons by which the muscle is
connected to the skeletal structure. Although the SE and PE elements have a similar
shape for the force-length relation, the SE element is usually approximately ten times
stiffer.

Figure 2. Hill-type muscle model. CE = Contractile element; PE = Parallel elastic element; SE = Series
elastic element.

The Contractile Element (CE) generates an active force when the muscle is activated
by nervous stimulation. Force produced by the CE is a function of the current
activation level, muscle length, and shortening velocity. The length dependency of the
CE can be seen in Figure 3(a), which shows that a maximum force is produced at a
reference length, lopt, with decreasing force for longer or shorter muscle length.
The force-velocity relation of the CE can be seen in Figure 3(b). For muscle shortening
(concentric muscle contraction, V/Vmax < 0), the muscle force decreases until the
maximum shortening velocity is reached. In the other direction (V/Vmax > 0), the
muscle is forced to lengthen and is in eccentric contraction. During an eccentric
contraction the muscle force increases with rising lengthening velocity above the
maximum isometric force, which gives a dampening behavior to eccentrically stretched
active muscle tissue.

6

Figure 3. Active muscle force-length (solid line), force-velocity (dotted line), and passive elastic force
(dashed) relations in a Hill-type muscle model.

The force-length and force-velocity properties of active muscle tissue are related to the
forming and breaking of cross-bridges in the sarcomeres. At the reference length, lopt,
the maximal numbers of cross-bridges are available to form; for longer or shorter
lengths the actin and myosin filament overlaps are reduced. As fewer cross-bridges can
be formed, this leads to reduced contractile force. When the muscle is shortening, the
cross-bridges must be broken and new ones formed. This process takes a finite amount
of time; hence, tension cannot be sustained for increasing velocity. In eccentric
contractions, muscle force increases, possibly due to the fact that breaking crossbridges requires larger force than what is produced under isometric conditions (Winter
2009).
When using a Hill-type model, either experimental curves for the relations in Figure 3
can be used in the model, or approximating functions that fit the experimental data
with shape factors. Approximation functions for the musculoskeletal model used in this
thesis are described in detail in Paper I and in Appendix A.
In skeletal muscles, contraction is controlled by motor nerves that convey motor
commands from the CNS to the muscles. The motor nerves consist of several neurons
each of which attach to a motor unit, a group of muscle fibers that are recruited
simultaneously by the neuron. Contraction commands to the muscles from the motor
neurons are digital impulses; it is the frequency of the impulses that determines the
level of contraction in each muscle fiber. The level of contraction of a whole muscle is
also controlled by the number and size of the motor units that are being recruited.
When a contraction signal is received at the synaptic junction between the muscle fiber
and the motor neuron, an action potential that spreads along the muscle fiber is
generated. The action potential is a flux of ions through the cell membrane, and can be
assessed experimentally as the electromyogram (EMG). Following the action
potential, calcium ions are released inside the muscle fiber, and the presence of
calcium ions allows the cross-bridges to form. Immediately after an action potential,
7

the cell membrane is restored, calcium levels are decreased, and muscle tension drops
again. However, the deactivation process is slower than the activation process, and
with increasing neural stimulation frequency a constant level of force will be achieved
as the muscle fiber will not have time to relax. Thus, the muscle fibers act as low-pass
filters for the discrete neural stimulation, and continuous muscle activation as a
function of time is usually assumed in Hill-type muscle models.

2.2 The Nervous System
The neurons that control the skeletal muscles are part of the motor division of the
peripheral nervous system (PNS). The other part of the PNS is the sensory division,
containing neurons that convey sensory information to the brain and spinal cord. In
addition to motor and sensory neurons, the CNS consists of interneurons that connect
sensory neurons to motor neurons and are interconnected by a large number of
synapses. As for muscle fibers, neurons can be stimulated to convey an action potential
that travels along the cell membrane. When a neural signal is conveyed from one
neuron to another, the action potential is triggered by the migration of signal
substances, neurotransmitters, in the synapses between the neurons. However, neurons
can act either to excite or inhibit the generation of action potentials in their connection
to other neurons; the combined excitory and inhibitory stimuli determine whether an
action potential is generated and whether the neural signal is passed through. This
process in the interneurons of the CNS is responsible for conscious voluntary actions in
humans, as well as automated responses such as postural motor control.
In motor neurons, the action potentials are generated in the CNS and conveyed to the
muscles, which initiates muscle contractions. For sensory neurons, the signal starts at a
sensory receptor. Of particular importance for motor control are the proprioceptors
which provide information about the position of the limbs. Examples of proprioceptors
are muscle spindles which react to muscle length change and Golgi tendon organs
sensitive to tendon stretch. For the maintenance of posture, the vestibular organs of
the ear are important as they monitor the spatial orientation of the head, to which
visual input also contributes. In general, in healthy humans all three sensory systems,
proprioceptive, vestibular, and visual, are complimentary, and therefore loss of some
functionality can be compensated by increased reliance on other systems (Winter
1995).
The conduction speed of an action potential in an axon depends on the size of the axon
and whether the axon has a myelin sheet that increases the conduction speed. For
neurons involved in motor control tasks, conduction speeds of over 100 m/s can be
found (Marieb and Hoehn 2010). However, as the axonal parts of the neurons in the
PNS can be up to a meter in length, the transmission of a neural signal still takes a
finite amount of time. In addition, the chemical synapse that connects two neurons can
require 0.3–5 ms to transfer a neural signal (Marieb and Hoehn 2010). Therefore, a
neural delay is associated with the transfer of a neural signal; it increases for distal
muscles and sensory organs.
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2.3 Motor Control
Human motor acts can be divided into two categories, which in general are combined
in the performance of actual movements (Massion 1992). The first type is the
maintenance of a reference position, also called postural control. Here the CNS applies
stabilizing muscle activations, often without conscious awareness such as during quiet
standing. The other type of motor act is the goal directed movement, in which a limb is
moved along a trajectory toward a pre-determined goal.
In postural control tasks the musculoskeletal system and CNS act in a closed-loop, in
which information about the current state of the system, e.g. center of mass of the
trunk relative to the feet (Winter 1995), is used to generate stabilizing muscle
activations. A simplified representation of a closed-loop system for postural control is
shown in Figure 4. A desired reference position, r(t), which is usually constant in time
for postural control tasks, is compared with the present state of the body, y(t). The
state of the body is provided by the sensory part of the PNS; if the body is perturbed
from the desired position, the CNS generates compensating motor commands
proportional to the deviation.

r(t)

+

Motor commands

y(t)

−
Sensory information

Figure 4. Simplified representation of the closed-loop postural control system.

Sensory information that is used for postural control comes from the muscle spindles
or Golgi tendon organs for example (de Vlugt et al. 2006). In many muscles, muscle
spindle sensory neurons are connected to the motor neurons in the spinal cord; with
short latencies they can induce a contraction in the muscle when it is lengthened. This
stretch reflex can be observed for the quadriceps muscles of the thigh, which
automatically contract by a direct reflex arc between the muscle spindles and the
motor neurons when lengthened. The patellar stretch reflex of the quadriceps help
humans maintain an upright posture without conscious efforts as the knee is prevented
from folding under the body weight (Marieb and Hoehn 2010). Muscle spindle reflexes
may not only induce contraction of muscles, they may also lead to inhibitory stimuli of
antagonistic muscles.
However, postural control does not depend only on low level reflexes. The sensory
information gathered from the proprioceptors is relayed to higher levels in the CNS,
where it is integrated and provides proprioception, i.e. it enables humans to know
where a limb is positioned without seeing it. The integrated proprioceptive
9

information, together with visual and vestibular information, is used for whole body
postural control. In this thesis work, joint angle sensors are used to generate posture
maintaining muscle activations. No such sensors exist in the human body, but the
integrated proprioceptive information provides the CNS with this information (Winter
1995). The exception is the head, for which the vestibular organs act precisely to
provide spatial orientation.
Closed-loop control is an energy efficient way for the human body to achieve postural
control, as muscles only are activated when required to counteract a disturbance (de
Vlugt 2004). However, reflexive feedback is not the only control strategy present in
human postural control. Muscle co-contraction plays an important role, because when
antagonistic muscles are activated around a joint, although no net-moment is
generated, the intrinsic stiffness and damping of the joint increases significantly due to
the force-velocity and force-length relation of muscles described in Section 2.1. Muscle
co-contraction of the trunk flexors and extensors has been shown to increase the
stability of the lumbar spine (Hodges 1999), and to be present in postural control of the
upper extremities (de Vlugt et al. 2002; de Vlugt et al. 2006). In impact biomechanics
research it has been shown that, although reflex muscle activation is too slow to affect
the outcome in 2–6.5 g volunteer impact tests, lower extremity muscle co-contraction
prior to the impact significantly changed the restraint interaction forces (Begeman et
al. 1980).
Closed-loop feedback control and co-contraction play important roles in posture
maintenance tasks, but for goal directed movements, feedback control has been shown
to be insufficient to explain observed human performance in rapid movements (Gerdes
and Happee 1994). A reason for this is the neural delay associated with the transfer of
sensory information and motor commands to and from the CNS, as delays reduce the
stability of closed-loop systems. Goal directed movements are instead based largely on
previous experience and expectations of the task; based on this the CNS generates a
muscle activation scheme which is more of an open-loop type. Inverse internal models
and ideal forward control have been proposed to explain how the CNS determines the
muscle activation schemes. These models are supported by experiments in which arm
motions are performed in an altered force field; after a few trials the test subjects are
able to perform the motion as intended, but when the force field is restored again the
test subjects have to re-learn the motion to perform it correctly (Kawato 1999).
However, for most motor acts it is likely that a combination of open and closed-loop
motor control is employed (Massion 1992), in such a way that the open-loop muscle
activations are adjusted by closed-loop feedback if the goal directed movement
deviates from the intended path.
Anticipatory postural responses are also associated with voluntary movements (Berg
and Strang 2012). It has been found that in preparation to perform a task, such as
lifting the arm or the leg rapidly, postural control muscles of the trunk, such as the
transvesus abdominis (Hodges 1999) and trunk flexors and extensors (Benvenuti et al.
10

1997), are activated first. The suggested effect of this is to stabilize the upright body to
accommodate reaction forces associated with an arm or a leg movement (Massion
1992). It usually occurs 150–50 ms before activation of the muscles that initiate the
movement of the limb (de Wolf et al. 1998).
Finally, the motor control of the human CNS is highly adaptive; in rear-end impacts
volunteer test subject’s muscular responses are attenuated and adapted rapidly with
repeated trials (Blouin et al. 2003; Siegmund et al. 2003b). For the upper extremities in
position control tasks, both length and velocity feedback gains have been found to
change within seconds after a perturbation (de Vlugt et al. 2002). The adaptability of
the CNS makes the investigation of human postural responses more challenging. In
volunteer testing, habituation between repeated tests must be taken into account. For
modeling purposes, it is possible that multiple model settings need to be validated
under different conditions.
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3 Review of Active Muscle Control in HBMs
The first implementations of muscle properties in HBMs were for cervical spine
models (Deng and Goldsmith 1987; de Jager 1996; Wittek 2000). In some models, one
dimensional or solid elements that represent only the passive elastic and damping
response of the neck musculature was included (Jost and Nurick 2000; Robin 2001;
Ejima et al. 2005; Toyota 2008). However, the active force generated by muscles is in a
different order of magnitude than the passive stiffness and damping at physiological
muscle lengths. Hence, models of active musculature have been included in numerous
HBMs, summarized in Table 1.
The common method to implement active muscle properties is to utilize Hill-type line
muscle elements, which are super-positioned in some models with a passive bulk
material to provide 3D muscles (Behr et al. 2006; Hedenstierna et al. 2008; Iwamoto et
al. 2009; 2011; 2012). The super-position method is used to generate 3D muscle
geometry with existing material models in the FE solvers; it is possible to implement
the Hill-model with local fiber directions in a continuum FE material model (Khodaei
et al. 2013).
Two methods to find the activation level for the muscle material model have been
used: Open-loop control, in which the muscle activation functions are defined prior to
the simulation, or closed-loop feedback control in which the muscle activations are
proportional to a variable in the model, e.g. the position of a limb.
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Table 1. Summary of HBM studies that have included active musculature.
Model
Type /
Solver

Reference

Body
part

Actuators1

Control

Activation
scheme

Active
THUMS

Sugiyama et
al. 2007

Lower
extremity

1D muscles

Open-loop

Inverse
Brake pedal
dynamics model impacts

FE / LSDYNA

Iwamoto et
al. 2009

Upper
extremity

3D muscles

Open-loop

Engineering
judgment

Lateral impact to
elbow

Iwamoto et
al. 2011

Whole
body

3D muscles

Open-loop

Normalized
EMG

Frontal impact

Iwamoto et
al. 2012

Whole
body

3D muscles

Open-loop

Reinforcement
learning model

Frontal and rearend impacts

Torque
actuators

Closed-loop

PID controllers

Reversible belt
pre-tension, rollover

1D muscles

Closed-loop

PID controllers

Elbow flexion

Spine, left Torque
arm and
actuators,
legs
1D muscles

Open and
closed-loop

PID controllers, Far-side impact
Engineering
judgment

Fraga et al.
2009

Cervical
spine

1D muscles

Closed-loop

PID controllers

Motorcycle
braking and
cornering

Nemirovsky
et al. 2010

Cervical
spine

1D muscles

Closed-loop

PID controllers

Rear-end
impacts

van Rooij
2011

Spine

Torque
actuators,
1D muscles

Closed-loop

PID controllers

Autonomous
braking

Meijer et al.
2012

Whole
body

1D muscles, Closed- and
torque
open-loop
actuators
cocontraction

Meijer et al.
2013b

Whole
1D muscles,
body, hip torque
and elbow actuators
added

Closed- and
open-loop
(cocontraction)

PID controllers,
variable cocontraction and
reaction time

Meijer et al.
2013a

Whole
1D muscles,
body, new torque
neck and actuators
elbow

Closed- and
open-loop
(cocontraction)

PID controllers, Anteriorvaried levels of posterior T1
co-contraction
perturbations,
elbow flexion
impulses, and
autonomous
braking.

TNO Active Cappon et al. Spine
Human
2007
Model
Budziszewski Upper
et al. 2008
extremity
MB /
Meijer et al.
MADYMO 2008
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Application

PID controllers, Autonomous
variable cobraking, frontal,
contraction
lateral, and rearend impact
Pendulum
impacts, car
braking, sled
impacts

Table 1 continued.
Body part

Actuators1

Control

Activation
scheme

Application

Lower
extremities,
elbow, and
neck

1D muscles,
static joint
torques for
the neck

Open-loop
(cocontraction
only)

Optimization

Frontal
impact whole
body injury
assessment

Upper and
lower
extremities

1D muscles

Open-loop

Normalized
EMG

Occupant
bracing in
frontal
impacts

FE / Radioss Behr et al.
2006

Lower
extremity

3D muscles

Open-loop

Normalized
EMG

Emergency
braking,
frontal impact

MB /
MADYMO

de Jager 1996,
van der Horst
2002

Cervical
Spine

1D muscles

Open-loop

Reflex
activation

Frontal,
lateral, and
rear-end
impacts

FE /PAMCRASH

Wittek 2000

Cervical
spine

1D muscles

Open-loop

Reflex
activation

Rear-end
impacts

FE / LSDYNA

Brolin et al.
2005; 2008

Cervical
spine

1D muscles

Open-loop

Reflex
activation,
Optimization

Frontal and
lateral impact,
helicopter
crash

FE / LSDYNA

Hedenstierna
2008

Cervical
spine

3D muscles

Open-loop

Reflex
activation,
Optimization

Frontal,
lateral and
rear-end
impacts

MB / LSDYNA

Chancey et al.
2003, Dibb et
al. 2013

Cervical
spine

1D muscles

Open-loop

Optimization

Tensile neck
loading,
frontal
impact, Child
HBM

Reference
Model
Type /
Solver
MB
Bose and
/MADYMO Crandall 2008
Bose et al.
2010
FE / PAMCRASH

Choi et al.
2005

1

In all HBMs which used muscle elements as actuators, the active behavior was modeled with a Hill-type
material model. All the models with 3D muscles employ the super-position of a passive continuum bulk
material and Hill-type line muscle elements (Hedenstierna et al. 2008).
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3.1 Open‐loop Muscle Activation
Open-loop control means that the control signal is not continuously updated based on
measured information about the state of the process being controlled, but rather on a
known state and a model for the response of the system. In the context of previously
developed HBMs this means that the muscle activations as a function of time are
defined prior to the simulation. The outcome is observed afterwards, and the activation
function may be adjusted to achieve a better model response in upcoming simulations.
3.1.1 Reflex Activation
Several cervical spine models (de Jager 1996; Wittek 2000; van der Horst 2002; Brolin
et al. 2005) have accounted for the influence of active behavior by the application of a
maximum activation starting at a specified time in the simulation. This models a
reflexive startle response that is determined by the choice of time constants in the
activation dynamics model or by the shape of the pre-defined activation level curve.
With this approach in an MB neck model, de Jager (1996) showed the importance of
active muscles to capture the human head-neck response in frontal and lateral impacts;
the same model was later refined and employed in rear-end impacts, and the
importance of active muscles was yet again shown by van der Horst (2002). Wittek
(2000) and Brolin et al. (2005) used this approach combined with Hill-type line muscle
elements in an FE neck model; they studied the protective effect of the neck muscles
on cervical facet joint injuries in rear-end impacts and on soft tissue injuries in frontal
and side impacts, respectively.
3.1.2 Optimization of Static Posture‐Maintaining Activations
Chancey et al. (2003) developed an MB neck model with detailed muscles and studied
the effect of muscle activation on tensile loading of the neck for two sets of muscle
activations. The muscle activations evaluated were determined with an optimization
scheme that gave an initial stable posture for relaxed and maximal muscle tension.
More recently the same method was applied to find posture maintaining muscle
activation schemes for six and ten-year-old pediatric cervical spine models (Dibb et al.
2013). The neck stabilizing muscle activation levels reported by Chancey et al. (2003)
were used as a starting point to find load case specific stabilizing activations in a study
with an FE neck model conducted by Brolin et al. (2008). The model was then applied
to evaluate the influence of muscle tension on spine injuries in helicopter accident
scenarios. Bose and Crandall (2008) and Bose et al. (2010) used an MB HBM which
was varied in size from the approximate 20th to 80th percentile male anthropometry,
nine different initial postures, and 0–100% muscle co-contraction in Hill-type line
elements. They performed optimizations to generate static stabilizing co-contraction
activation levels and evaluated the influence of initial muscle co-contraction on a
whole body injury metric in a simulated 57 km/h impact. They found that the initial
posture was the most significant factor in determining the injury outcome, but that
16

initial muscle co-contraction also had some influence. In particular, an increased risk
for injury in the lower extremities with increasing muscle co-contraction was reported.
3.1.3 Optimization of Dynamic Activations
Iwamoto et al. (2012) presented a version of the THUMS HBM with a detailed 3D
representation of muscles for all body parts. For the head and neck, a simplified model
using only 1D Hill-type elements was also developed. Using the simplified neck model
and an optimization process called reinforcement learning, tabulated muscle control
functions that account for both joint angles and velocities were derived. The
optimization provided individual muscle activation functions that were applied in the
detailed model in a rear-end impact test case. With the reinforcement learning
activations the model appeared to be better than the passive model in the initial phase
of the impacts, but then it overestimated the effect of muscles on the kinematics.
3.1.4 Estimation based on Experimental Data
Behr et al. (2006), Sugiyama et al. (2007), and Chang et al. (2008) all modeled
emergency braking with active muscles in the lower extremities. The muscle activation
levels were taken from normalized EMG measurements in emergency braking
experiments. They studied the injury risk in frontal impacts (Behr et al. 2006), brake
pedal impacts (Sugiyama et al. 2007) and knee impacts (Chang et al. 2008), and
concluded that the inclusion of active musculature changes the injury risk in these
situations. Chang et al. (2008) predicted that the external force causing a fracture to the
knee-thigh-hip area decreases when muscle tension is taken into account, but that a
limitation of the study was the lack of detailed muscle activation data for the lower
extremities. Therefore, a second study was made (Chang et al. 2009), in which a
detailed inverse dynamics musculoskeletal model was used to derive detailed
individual muscle activations from experimental data. The same approach with inverse
optimization was used by Choi et al. (2005), i.e. an optimization in which muscle
activations are derived using a musculoskeletal model, measured forces, and limb
positions, together with hypothesized optimization constraints. They simulated
occupant bracing in sled impacts with active muscles in the upper and lower
extremities.

3.2 Closed‐loop Muscle Activation
In closed-loop applications the response of the controlled systems is continuously
monitored and the control signal is adjusted in accordance with the actual model
response. In the human body the reflex arc, described in Section 2.3, is the simplest
closed-loop structure. In engineering science, closed-loop control is often achieved by a
proportional, integral, and derivative (PID) controller defined as:
(1)
∙

∙

∙

.

(2)
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The current state of the system, y(t), is compared with the reference, r(t), and the
control signal, u(t), is proportional to the difference between the two according to
Equation (2). The characteristics of the PID controller are determined by the
proportional gain, kp, integral gain, ki, and derivative gain, kd. The PID feedback
control can be applied to model human postural responses; it is then hypothesized that
proportional and derivative feedback represent muscle spindle and vestibular reflexive
stabilization, while the integrative controller counteracts gravity. In the AHBM
developed in this thesis, PID feedback control to model postural responses is utilized
in Papers I–II and V–VI.
3.2.1 Torque Actuators
One of the first implementations of closed-loop feedback to model occupant responses
was done by Cappon et al. (2007) who utilized PID controllers to control the moment
applied for each individual vertebral joint in an MB HBM. First, a simulation in which
the vertebral joints were locked to each other was made. The static moments generated
in each joint were extracted and used as initial moments for tuning simulations. Next,
PID controller gains were chosen by optimization so that the difference between
model responses and those of volunteers impacted by a pendulum was minimized. The
model was then applied to simulate the phase preceding a roll-over accident and a
static application of a reversible pre-tensioned restraint. The addition of the active
spine improved the model kinematics in the roll-over scenario but was less successful
in capturing the volunteer response to the reversible pre-tensioned restraint. The spine
with active torque actuators was later utilized in several publications on the TNO
Active Human Model (Meijer et al. 2008; van Rooij 2011; Meijer et al. 2012; Meijer et
al. 2013a; 2013b) developed by the Netherlands Organization for Applied Scientific
Research with the official acronym TNO. A similar approach was also used by
Almeida et al. (2009), who implemented PID feedback controlled torque actuators in a
numerical model of the frontal-impact ATD THOR. They concluded that the model
with a feedback controlled head and neck complex was better than its passive
counterpart in capturing occupant kinematics in both lateral and longitudinal
acceleration driving scenarios.
3.2.2 Line Muscle Elements
Budziszewski et al. (2008) implemented closed-loop control of 1D Hill-type elbow
flexor and extensor muscles in a MB arm model. A PID controller was implemented
for the elbow joint for which the muscles were divided in flexors and extensors and
assigned equally large activations from the controller. The model was tested and
compared with experimental data of voluntary elbow flexion and extension; it was
concluded that the kinematic performance of the model matched that of the volunteers
but that predicted muscle activation levels were over-estimated. Fraga et al. (2009)
used feedback PID control of line muscle elements to stabilize the head of a
motorcycle rider in lateral and longitudinal maneuvers for MB simulations. They
concluded that their model appeared to capture the resulting head kinematics of a
volunteer of average awareness when braking a motorcycle. Furthermore, they stated
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that the model is promising for the development of advanced restraint systems for
motorcycle riders, and that it is a step towards fully active HBMs.
The head-neck model used by Fraga et al. (2009) was further developed by Nemirovsky
and van Rooij (2010) by the implementation of a postural controller for the head-neck
complex, with the aim of regulating flexion-extension, lateral flexion, and rotation of
the head. The motions were decoupled by a muscle recruitment strategy, which would
ensure that only one degree of freedom was influenced by each controller; however,
only the model response in flexion-extension was evaluated. Along with three PID
controllers for the three head rotation degrees of freedom, a variable co-contraction
ratio controller was implemented. The co-contraction ratio was important for the
resulting closed-loop response, as muscular co-contraction makes a large contribution
to the damping of the closed-loop system. The model was later used by van Rooij
(2011), who hypothesized that the attentiveness of drivers is reflected by the gains used
in the control model. He simulated the influence of different levels of awareness on
driver kinematics in autonomous braking interventions.
Meijer et al. (2012) integrated and extended the work presented in the previous
publications on the TNO Active Human Model (Cappon et al. 2007; Meijer et al. 2008;
Fraga et al. 2009; Nemirovsky and van Rooij 2010; van Rooij 2011) to form a complete
model. The feedback loop was complemented with a reaction time for events that
cause a larger controller error than the preceding ones in the simulation. A low-pass
filter function representing the neural transmission time from the CNS to the distal
muscles was also added. The signal from each controller is converted to the muscles or
torque actuators by multiplication with a constant defined in a recruitment table, to
ensure that only the degree of freedom being regulated is affected (Nemirovsky and
van Rooij 2010). Furthermore, muscle co-contraction can be defined prior to the
simulation, i.e. open-loop, generating muscle tension without any net moment around
the joints, contributing to the intrinsic stiffness. The kinematic responses of the model
were evaluated for autonomous braking, frontal, lateral, and rear-end impacts. It was
concluded that both feedback control and muscle co-contraction is needed to predict
volunteer responses in these types of events.
In Meijer et al. (2013b), feedback controlled elbow and hip muscles were introduced; it
was stated that a muscle recruitment approach similar to that described by Nemirovsky
and van Rooij (2010) was used to decouple hip flexion-extension, medial-lateral
rotation and abduction-adduction. Utilizing 50% co-contraction of the muscle
actuators, the model was reasonably well able to capture forward displacements of the
chest and neck in 1 g driver braking events, and in 3.8 g, and 15 g volunteer impact
tests. Meijer et al. (2013a) introduced new neck muscle geometry in the TNO Active
Human Model, and evaluated the response of the head-neck complex to low level
random perturbations of the T1 vertebrae. Furthermore, force pulse perturbations
were applied to the hand, inducing flexion and extension of the elbow and the model
response was compared with that of one volunteer. Finally, the difference between a
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braced state and a relaxed state for the model was evaluated by the simulation of a
braking event. It was concluded that the model response for the relaxed condition is
different from the braced condition.
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4 Review of Volunteer Tests of Muscle Responses
A brief review of studies to investigate the influence of muscle activation on volunteer
kinematics is given here. The emphasis is on pre-crash loads, typically below 1.5 g and
with durations of at least 0.2 s. Some volunteer tests to study the human response to
low impact loads are also included.

4.1 Frontal Impacts and Braking Scenarios
Volunteer responses to frontal impact pulses and braking decelerations have been
studied using sled and linear sled setups for accelerations ranging from 0.2–5 g for 0.2–
0.6 s (Ejima et al. 2007; 2008; 2009; Arbogast et al. 2009; Bae et al. 2010; Beeman et al.
2011). Typically two types of instructions are given to the volunteers: Either to be
initially relaxed or to be maximally tensed to brace for the upcoming acceleration
pulse. The general result of these studies is that the presence of muscular contraction
influences the kinematics of a volunteer significantly. For instance, bracing by cocontraction before impact reduces forward displacements 36–69% for different body
parts; for the head in particular forward displacement is reduced from 169 mm to 107
mm in a 5 g impact (Beeman et al. 2011). In addition, Ejima et al. (2007; 2008; 2009)
found muscle reflex activities 100–130 ms after acceleration onset; for testing with
loads of 0.8 g over 0.6 s, the reflexive response was concluded to be fast and large
enough to affect the volunteer’s kinematics in the test (Ejima et al. 2009).
Occupant kinematic responses to braking deceleration loads have also been
investigated in a test vehicle setting. For instance, Carlsson and Davidsson (2011) used
planar film analysis to quantify forward displacements of drivers and passengers due to
autonomous brake interventions of 0.3 g, 0.4 g, and 0.5 g over 1.5 s while driving on
ordinary roads. They found a mean forward head displacement of 96 mm, with a
standard deviation of 47 mm for all conditions; taller volunteers had larger forward
head displacement and females who were of approximate 50th percentile male stature
showed larger forward displacement than their male counterparts. Van Rooij et al.
(2013) conducted experiments with a professional driver on a test track. They
evaluated the differences in forward head displacements for driver voluntary braking,
autonomous braking, and autonomous braking with a distraction, in the form of
sending a text message from a cell phone. A significant difference in the driver’s
forward head displacements was found for the driver braking and the autonomous
braking scenarios. This was hypothesized to be caused by the driver’s anticipation in
the voluntary braking case.
Morris and Cross (2005) made a qualitative study in which occupant responses to precrash braking were classified based on recordings from five cameras monitoring the
passenger seat of a car driving on a test track. They found that bracing behavior,
defined as holding on to a part of the vehicle structure firmly with the hand or with
part of the arm, occurred only in a minority of events with belted passengers. It was
more predominant the longer the duration of the pre-impact event and when the
volunteer was already holding on to the structure prior to the event. Behr et al. (2010)
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combined joint angle measurements during driver maximum braking, in a driving
simulator with lower extremity EMG data recorded in emergency braking tests
performed in a test vehicle. Emergency braking was tested by throwing a ball in front
of the vehicle without prior notification to the volunteer drivers. Muscle activation
levels for the lower extremity muscles, joint angles, and brake pedal forces were
reported and suggested to be a standard initial condition for frontal impacts preceded
by driver emergency braking.

4.2 Lateral Impacts and Vehicle Maneuvers
Ejima et al. (2012) conducted volunteer sled tests with 0.4 g and 0.6 g lateral
accelerations over 0.6 s. They found that, just as in frontal impact and braking
scenarios, muscle tension prior to the event affected the occupant kinematics. The
angle change of the torso relative to the seat was reduced by 5° for the lower
acceleration level and by 10° for the higher level, for a tensed initial condition
compared with a relaxed. In this lateral acceleration study, only a lap belt was utilized
to secure the occupant to the test seat. Lower extremity muscle activations and foot
rest forces were found, indicating that the lower extremities play a role in the seated
occupant postural response to lateral accelerations.
In lateral vehicle maneuvers, such as avoidance steering maneuvers, the occupant
loading will have multiple components: a lateral acceleration component, one due to
the yaw rate of the vehicle, and possibly also one due to roll of the vehicle body. This is
captured when testing is conducted in a test vehicle (Muggenthaler et al. 2005; Huber et
al. 2013). Muggenthaler et al. (2005) performed sinusoidal steering tests with first a
human volunteer and then a Hybrid III ATD in the passenger seat, with a lateral
acceleration amplitude of 0.5 g. In addition, 0.6 g lane change maneuvers with human
volunteers as passengers and drivers were carried out. They concluded that the
volunteers displayed both voluntary and reflex muscle activation; their responses were
much more flexible than those of the ATD. Huber et al. (2013) conducted lane change
maneuvers with a lateral acceleration of 1 g. They identified muscle onset, 0.11–0.17 s
after initiation of the steering maneuver, by using surface EMG electrodes on their
volunteers, who were riding in the passenger seat of the test vehicle.

4.3 Rear‐End Impacts
The most thorough investigations of the effects of muscular contraction on occupant
kinematics have probably been made for rear-end impacts (Szabo and Welcher 1996;
Ono et al. 1997; Magnusson et al. 1999; Brault et al. 2000; Hell et al. 2002; Blouin et al.
2003; Siegmund et al. 2003a; Siegmund et al. 2003b; Siegmund et al. 2004). All of these
studies focus on whiplash injuries, i.e. neck injuries with low initial severity level but
with high risk of long term impairment. Epidemiological studies show that whiplash
injury occurs in relatively mild rear-end impacts; for example, Kullgren et al. (2003)
found that for 7 g rear-end impacts in real accidents the whiplash injury risk was
approaching 100%. Impact pulses of 0.4–6.3 g with durations of 0.06 to 0.15 s have
been applied in the volunteer tests mentioned above. Even though the duration in
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these rear-end impact studies is quite short, they show that muscle contraction plays a
role in rear-end impacts: that there is somato-sensory triggering of the neck muscles
due to lumbar spine acceleration (Szabo and Welcher 1996; Magnusson et al. 1999);
that volunteers subjected to multiple test pulses habituate (Blouin et al. 2003;
Siegmund et al. 2003b); that muscle injury is possible due to eccentric contraction
(Brault et al. 2000).

4.4 Driving Simulators
Driving simulators provide an opportunity to generate a pre-crash situation that
includes an actual collision threat. Hetier et al. (2005) simulated an accident caused by
a truck overtaking a tractor on a two lane road and evaluated occupant postures at the
time of impact. They found that in general their volunteers were out of position
relative to standardized crash test positions. For instance, 67% had moved backwards
in anticipation of the crash and 30% had their left arm in front of the air bag. A similar
study was published by Hault-Dubrulle et al. (2011), who found a bracing response, in
combination with emergency braking, characterized by the volunteers extending their
elbow and knee joints, pushing themselves backward into the seat. However, in both of
these studies, a fixed platform simulator was used. Hence, the volunteer kinematic
responses found were not affected by the acceleration load that would be present
during actual emergency maneuvers.
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5 Summaries of Appended Papers
Brief summaries of the publications appended to this thesis are given here. The full
papers are appended at the end of the thesis.

5.1 Paper I
The aim of Paper I is to address the challenges of implementing postural feedback
control with a muscle material model in an FE HBM. A musculoskeletal model was
developed, using the right upper extremity of the FE HBM THUMS v3.0 (Toyota
2008), however, the original contact-based elbow joint of the HBM was replaced with a
kinematical revolute joint. Postural feedback control was achieved by the
implementation of a PID controller and a muscle activation dynamics model, see
Figure 5. Furthermore, simulations of volunteer tests with low impact loads, resulting
in elbow flexion motions, were conducted.

Figure 5. Illustration of the neuromuscular feedback control loop implemented in Paper I.

The results showed that the musculoskeletal model strength and passive stiffness
characteristics were comparable to experimental data in the literature. The feedback
control loop implemented was able to stabilize the model in simulations with gravity,
thus the model could maintain posture. Simulation of volunteer experiments showed
that, by a variation of controller gains, different kinds of instructions to the volunteer
could be captured by the model. Simulations with the original contact-based joint
showed that lower controller gains were necessary, due to an increase in phase lag, and
that 3D joint motions had to be controlled with a 1D reference signal.
The result from simulations of volunteer responses indicated that, by variation of the
controller gains, it is possible to simulate, with an FE HBM, the various active muscle
responses that can be expected in the pre-crash phase. Comparison of simulations with
the two joints in the model showed that feedback control can be used in an FE HBM,
but that joint definitions should be modeled in more detail to capture human-like
passive joint properties. In conclusion, the study in Paper I showed that it is possible to
use feedback control of a non-linear musculoskeletal model in an FE environment to
obtain a posture maintaining HBM and to simulate reflexive muscle responses.
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5.2 Paper II
The aim of Paper II is to model passenger kinematics in an autonomous braking event
by using an FE HBM with active muscles. Paravertebral muscles of the lumbar and
cervical spine, superficial muscles of the neck, and the abdominal muscles were added
to the FE HBM THUMS v3.0 (Toyota 2008), see Figure 6. Active control was
implemented using three PID controllers, for the head, the neck, and the lumbar
segment angles, see Figure 6. Volunteer kinematic data from sled tests (Ejima et al.
2007) and from occupants in the front passenger seat during autonomous braking
interventions (Carlsson and Davidsson 2011) was sampled for comparison with HBM
simulation results.

Figure 6. The angles utilized for the feedback control of the (1) trunk, (2) neck, and (3) head muscles
(left). The THUMS HBM with trunk and neck musculature added (right).

The results showed that the HBM captured the characteristics of the kinematics of
volunteers in sled tests. Peak forward displacements have the same timing as for the
volunteers, and lumbar muscle activation timing matches data from one of the
volunteers. The responses of volunteers in autonomous braking interventions are
mainly small head rotations and translational motions. This is captured by the HBM
controller objective, which is to maintain the initial angular positions. The HBM
response with active muscles is within one standard deviation of the average volunteer
response with respect to head displacements and angular rotation.
It was concluded that, with the implementation of feedback control of active
musculature in an FE HBM, it is possible to model the occupant response to
autonomous braking interventions. The lumbar controller is important for the
simulations of lap belt–restrained occupants; it is less important for the kinematics of
occupants with a modern 3-point seat belt. Increasing head and neck controller gains
provides a better correlation for head rotation, whereas it reduces the vertical head
displacement and introduces oscillations.
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5.3 Papers III and IV
The primary aim of Papers III and IV is to generate sets of validation data for HBMs
that are intended for the simulation of occupant responses in braking events.
Secondary aims are to evaluate the effect of reversible seat belt pre-tension on
occupant kinematics and muscle responses, and to compare autonomous braking with
voluntary driver braking.
Eleven male and nine female volunteers, driving a passenger car on ordinary roads,
performed maximum voluntary braking; they were also subjected to autonomous
braking events with both standard and reversible pre-tensioned restraints, both as
drivers (Paper III) and passengers (Paper IV), see Figure 7. Kinematic data was
acquired by film analysis, and surface EMG signals were recorded bilaterally for
muscles in the neck, the upper extremities, and lumbar region. Maximum voluntary
contractions (MVCs) were carried out in a driving posture for normalization of the
EMG. Seat belt positions, interaction forces, and seat indentions were measured.

Figure 7. Instrumented volunteer in (a) the driver seat (Paper III) and (b) the passenger seat (Paper
IV).

In total, five sets of validation data for human models intended to represent occupant
pre-crash responses were obtained: for autonomous braking with pre-tensioned and
standard restraints in both the driver and passenger positions, and for driver voluntary
braking. It was found that seat belt pre-tension affects the kinematic and muscle
responses of both drivers and passengers during autonomous braking. For passengers,
a statistically significant reduction in head and torso forward displacement was found
with a pre-tensioned belt in comparison with a standard belt, e.g. 118 mm compared
with 194 mm for the head of male passengers. For drivers, the influence of the
volunteer braking on his or her own was larger than the influence of belt pre-tension.
There was a reduction in female head forward displacements from 116 mm, with a
standard belt in autonomous braking, to 38 mm in driver braking. With the pretensioned seat belt, muscle activity was induced by the belt pre-tension rather than the
acceleration onset, as for the standard belt in autonomous braking. The muscle and
kinematic response invoked by the belt pre-tension had characteristics that could be
due to a tactile startle reflex.
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5.4 Paper V
The aim of Paper V is to study driver and passenger kinematics in autonomous braking
scenarios with and without pre-tensioned seat belts, using a whole-body FE HBM with
active muscles. In addition to the feedback controlled muscles for the trunk and neck
(Paper II), feedback control and upper extremity musculature for the elbow and
shoulder flexion-extension was added to the HBM, see Figure 8. Controller gains were
found using a radial basis function meta-model sampled by 144 simulations of an 8 m/s2
volunteer sled test. The HBM kinematics, interaction forces, and muscle activations
were validated for the passenger and driver positions, with and without 170 N seat belt
pre-tension, in combination with 11 m/s2 autonomous braking deceleration (Papers III
and IV). Then, the HBM was used for a parameter study in which seat belt pre-tension
force and timing were varied from 170 N to 570 N and from 0.25 s before to 0.15 s after
deceleration onset in an 11 m/s2 autonomous braking scenario.

Figure 8. Shoulder muscles implemented to model driver interaction with the steering wheel (Paper V)
(left) and the HBM seated in the validation test setup (right). 1. Teres major; 2. Latissimus dorsi; 3.
Anterior deltoid; 4. Middle deltoid; 5. Posterior deltoid; 6. Pectoralis major, clavicular head. 7.
Coracobrachialis.

The model validation showed that the forward displacements and interaction forces of
the HBM correlated with those of corresponding volunteer tests. Muscle activations
and head rotation angles were overestimated in the HBM in comparison with
volunteer data. With a standard seat belt in 11 m/s2 autonomous braking interventions,
the HBM exhibited peak forward head displacements of 153 mm and 232 mm for the
driver and passenger positions. When 570 N seat belt pre-tension was applied 0.15 s
before deceleration onset, a reduction of peak head displacements to 60 mm and 75
mm was predicted. Driver and passenger responses to autonomous braking with
standard and pre-tensioned restraints were successfully modeled with a whole-body FE
HBM with feedback controlled active muscles. The displacement of the head relative
to the trunk for the HBM is quite constant for all variations in timing and belt force. It
is the reduced trunk displacements that lead to reduced forward head displacements.
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5.5 Paper VI
The aim of Paper VI is to model the driver postural response in driver braking
scenarios. In the analysis of the volunteer data (Paper III) it was noticed that the
muscle and kinematic responses between the driver braking and autonomous braking
test cases differ significantly. It was hypothesized that this difference is due to an
anticipatory postural response during driver braking. This was modeled as a time
dependent change in the reference value for the feedback controllers, which generates
correcting moments to counteract the braking deceleration. In addition, lower
extremity muscles were added to the whole-body FE HBM developed in Papers II and
V, see Figure 9.

Figure 9. Segment angles used for feedback control (Papers V and VI) (left); muscle implementation for
the lower extremities (right). The (1) head, (2) cervical, (3) lumbar, and (4) and (5) shoulder angle
controllers all use the angle of the body part with respect to the vertical axis, while the (6) and (7) elbow
controllers utilize the relative angle between the humerus and ulna.

The results showed that in 11 m/s2 driver braking simulations, the peak forward
displacement of the head was decreased by 100 mm, of the shoulder by 30 mm, and
head flexion rotation was decreased by 16°, compared with the HBM validated for
modelling autonomous braking of the same magnitude. This means the HBM was
within one standard deviation of corresponding test data from volunteers performing
maximum braking. It was concluded that the hypothesized anticipatory responses can
be modeled by changes of the reference positions of individual joint feedback
controllers that regulate muscle activation levels. This method of modeling
anticipatory postural reactions could have application for the simulation of other
driver voluntary actions, such as emergency avoidance by steering.
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6 Discussion
This thesis employs numerical modeling and volunteer testing to investigate car
occupant muscle reactions and kinematics caused by pre-crash braking decelerations
and belt pre-tension. A method for closed-loop feedback control to model occupant
muscle responses in an FE AHBM was developed. Volunteer tests with occupants
driving and riding in a car, subject to autonomous and driver braking interventions,
were conducted. The volunteer tests not only provided validation data for the AHBM,
but also indicated that driver postural responses are significantly different during
voluntary and autonomous braking. The AHBM was employed to investigate this
difference and it was found that a potential explanation is the presence of a
hypothesized anticipatory postural response during driver voluntary braking. The
combination of numerical modeling and volunteer testing in this thesis provides a
better means for the understanding of car occupant muscle responses in pre-crash
braking than either of the two approaches separately. The numerical modeling helps to
define what parameters should be measured in volunteer tests, while the volunteer
tests provide insight into actual car occupant muscle responses that can be
implemented and evaluated in the HBM.

6.1 Model Development
The developed AHBM (Papers I–II and V–VI) is an FE model, based on the THUMS
v3.0 (Toyota 2008). One dimensional Hill-type muscle elements were added to the
model; for some of the shoulder and lower extremity muscles, the Hill-elements were
coupled in series with seat belt elements to allow for a curved line of action. Muscle
activation levels were controlled by PID feedback controllers that utilized joint angles
to provide postural responses for the trunk, neck, head, and upper extremity muscles.
The strength of the FE method for impact biomechanics modeling of the human body
lies in the capacity to predict injury at the tissue level, for instance to predict fractures
(e.g. Chang et al. 2008; Chang et al. 2009). However, detailed FE models have high
computational cost, which is why the MB HBM has an advantage when only the
occupant kinematics is of interest. As summarized in Section 3.2, several studies have
been published on the Active MB HBM utilizing feedback control to model pre-crash
occupant responses. For future use of Active HBMs, it will be of interest to study
events consisting of both the pre-crash phase and the crash phase, and to assess the risk
of injury. With more powerful integrated systems, the risk of injuring vulnerable
occupants, e.g. elderly people or children, will also have to be assessed in pre-crash
simulations. Therefore, it will be important to be able to utilize FE HBMs in scenarios
where muscle activation and postural responses have an influence on the occupant
kinematics.
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6.1.1 Postural Feedback Control in Finite Element HBMs
Human postural responses are governed to a large extent by feedback control, as
described in Section 2.3. This has been utilized to model and explain human postural
responses in many situations, from quiet standing (Barin 1989; Winter 1995) to random
force perturbations to the upper extremities (de Vlugt et al. 2006). In this thesis work,
it was demonstrated that postural feedback control can be used to model both car
driver and passenger responses to autonomous braking interventions (Papers II and V)
and elbow perturbations (Paper I).
The explicit FE software LS-DYNA (LSTC 2013) was utilized throughout this thesis.
Explicit FE problems are characterized by short duration and non-linearly changing
conditions, for example in the automotive industry for crash simulations in which
structural parts engage and disengage in contacts. Feedback control utilizes
information about the past state of the system to generate the control signals, which
has been implemented only to a limited extent in LS-DYNA previously. Therefore,
one of the aims of the work in Paper I was to evaluate the feasibility of feedback
control in an FE HBM and in LS-DYNA. To achieve closed-loop PID control of the
Hill-material model in LS-DYNA, the PID controller, neural delay, and activation
dynamics functions (Paper I) were written in the programming language Fortran as
part of the solution control subroutine (uctrl1) in a library of the LS-DYNA sourcecode (Erhart 2010). Since the FE HBM and the inclusion of muscle responses in HBMs
are pointed out as important enablers in virtual testing of safety systems (IRCOBI
2006), the implementation of musculoskeletal feedback control in a solver utilized for
FE HBMs is an important contribution of this thesis. There are also alternative
approaches to implement feedback control in LS-DYNA, but they rely on coupling to
other software such as Matlab/Simulink (The Mathworks Inc., Natick, MA, USA) or
independently developed external programs (e.g. Prüggler et al. 2011).
There are also some challenges related to the use of a Hill-muscle material in an FE
model. An oscillatory behavior of the force of the Hill-elements was found (Paper I),
similar to those reported in other HBMs (Wittek and Kajzer 1997; Hedenstierna et al.
2008). This is likely to be a problem related to the numerical implementation of the
Hill-model in the solvers; if the contraction velocity is not filtered hard enough, it will
switch between negative and positive contraction velocity rapidly. This leads to a
discontinuous change in the contractile force, as the slope of the force-velocity relation
in the Hill-model, Figure 3, is steep. In the present work, this was solved by adjusting
the density of the muscle elements, so that a small mass in the order of 0.001 kg was
added to each node to which a Hill-element was attached. A better solution would be
to improve the numerical implementation of the Hill-models in the FE solvers to avoid
too fast switching of the sign of the muscle contraction velocity.
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6.1.2 Validation and Application
The AHBM was validated for upper body kinematics resulting from longitudinal
vehicle acceleration loads for six conditions. First, the model was utilized to capture
the response of front seat passengers to a 1.4 s deceleration pulse with peak amplitude
of 6.7 m/s2 (Paper II). Head and sternum forward displacements were within volunteer
corridors of one standard deviation width, while the sternum showed a downward
movement due to the lack of intra-abdominal pressure in the HBM. Second, 11 m/s2
autonomous braking deceleration over 1.6 s was applied, with the AHBM in both the
driver and passenger seats, with a standard and a reversible pre-tensioned seat belt
(Paper V). Just as in the previous study, the model was once more within the one
standard deviation corridors of corresponding volunteer test data, with the exception
of excessive head rotations. The muscle activation levels of the AHBM were also
compared with the average MVC normalized EMG from volunteers; it was found that
in general the muscle activation levels of the AHBM were somewhat higher than for
the volunteers (Paper V). Furthermore, the AHBM response curves were compared
with the volunteer average curves, using the Weighted Integrated Factor method
(Hovenga et al. 2005) and were found to match the average volunteer data just as well
as the individual volunteers. Finally, the AHBM kinematics and muscle activations
were validated for 11 m/s2 driver braking, in which the feedback control loop was
complemented with a feed forward anticipatory postural response (Paper VI).
The model was applied in a parameter study to investigate the effect of variation in the
activation timing and the force level of reversible pre-tensioned restraints (Paper V). It
was found that stronger belt pre-tension systematically led to reduced forward head
and sternum displacement caused by the braking deceleration. The largest effect was
found when 570 N was activated 0.15 s before deceleration onset, causing peak head
forward displacements 60 mm and 75 mm (compared with 153 mm and 232 mm
without belt pre-tension) for drivers and passengers, respectively. Moreover, it was
found that belt pre-tension helps to restrain the chest of the occupant, but that even
570 N was not enough to reposition the model rearward relative to its initial posture
when 11 m/s2 deceleration was present.
The AHBM has the potential to be useful in further investigations of integrated
systems that act on the occupant in the sagittal plane, in particular pre-crash activated
restraints and varying deceleration loads. As the modeled muscle responses to both
autonomous and driver brake interventions are proportional to the applied load, the
model has predictive capabilities for varying load levels. However, the AHBM
represents only postural feedback muscle responses; completely novel integrated
systems will also have to be investigated through volunteer testing to determine
whether non-linearities such as startle responses, found in Papers III and IV, are likely.
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6.2 Car Occupant Muscle Responses
The choice of a test vehicle for the volunteer study (Papers III and IV), in contrast to
the most common method of a sled setup in a laboratory, has both advantages and
disadvantages. Some challenges arise, such as limitations on what type of kinematic
data can be acquired, e.g. the legs of the driver are obscured from most angles, while
on the other hand the benefit is that the setup has a higher degree of external validity,
i.e. it more closely resembles the target environment with the volunteer performing a
driving or riding task on an ordinary road. In the Paper III and IV studies, it was
possible to quantify the level of muscle activity in percent of maximal volunteer efforts
in an actual driving and riding environment.
6.2.1 Autonomous Braking and Light Impacts
Early impact biomechanics studies with volunteers showed that reflexive responses
were too slow to have a significant effect on load distribution and acceleration levels of
body parts in light impacts, while muscle tension prior to the event did have an effect
(Begeman et al. 1980). More recently, Beeman et al. (2012) compared volunteer
responses with those of an ATD and PMHSs in 2.5 g and 5 g sled tests. Their general
findings were similar to those of Begeman et al. (1980); muscle tension prior to the
acceleration pulse gives a volunteer response which is stiffer than that of an ATD;
relaxed subjects are more compliant than the ATD and close to a PMHS, but with less
head displacement (Beeman et al. 2012). As summarized in Section 4, the instruction to
either be relaxed or tensed prior to the acceleration pulse has also been used in the
protocol of several other studies on volunteer kinematics and muscle responses to
acceleration loading. A major limitation is associated with the paradigm to test human
volunteers in either a pre-tensed state or relaxed state; it remains to be investigated
which type of response is representative of the real world pre-crash and crash
scenarios.
For instance, it is unclear how much co-contraction, i.e. pre-event muscle tension, is
applicable to real world pre-crash scenarios. Ejima et al. (2009) analyzed data from 860
frontal impacts in Japan, and found that in 48% of the impacts no evasive steering or
braking was done by the driver, while in 39% the driver tried to brake prior to impact.
It is likely that the occupant pre-crash response in a large portion of the no-evasivemaneuver cases would be comparable to the volunteer response found in Papers III
and IV, if autonomous pre-crash braking was present. In these papers, no collision
threat was included, which would be representative of a driver or occupant who has
not detected the upcoming collision. Antagonistic muscle activations, i.e. cocontractions, were found in the volunteer reflexive muscle responses, but these were of
low magnitude, typically below 5% of MVC activation. When the occupant responses
in these tests were modeled with the AHBM (Paper V), it was found that controller
gain tuning based on sled tests with a volunteer who was instructed to be relaxed
(Ejima et al. 2008) was suitable to capture the response of the volunteers in
autonomous braking (Papers III and IV). This supports the applicability of the relaxed
condition in the sled tests to the situation during autonomous braking in an actual
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vehicle, for both drivers and passengers. However, when the model’s response was
fitted to another volunteer sled test (Ejima et al. 2007), in which the volunteers only
had a lap belt, the AHBM response to autonomous braking interventions was too
compliant (Paper II).
The instruction for volunteers to initially tense muscles is justified for studies in which
the limits of human tolerance to impact is investigated, since muscle co-contraction can
influence the risk of injury (Armstrong et al. 1968; Hendler et al. 1974; Begeman et al.
1980; Chang et al. 2008). Simulation of these types of tests can motivate the inclusion of
high co-contraction levels in HBMs with active muscles; for example Meijer et al.
(2012) found the best prediction of head kinematics in 15 g impacts with 50% cocontraction. In situations with pre-crash loads however, high levels of pre-event muscle
tension seem to be less motivated. In all of papers about the AHBM in this thesis, cocontractions of 3–6% have been utilized together with postural feedback control to
capture volunteer reflexive responses successfully.
A startle or surprise reaction was found for some volunteers in response to the pretension of the seat belt (Papers III and IV). This resulted in a muscle activation peak
lasting approximately 0.3 s, but it was not sustained throughout the event. It would
seem more relevant to investigate the magnitude of the postural reflexive responses
and potential startle reflexes in future volunteer studies with autonomous pre-crash
loading and integrated safety systems, rather than to compare the difference between
relaxed and tensed subjects.
6.2.2 Driver Voluntary Braking
For drivers who perform an emergency braking action prior to an impact, it is likely
that their postural response will differ from that during autonomous braking. HaultDubrulle et al. (2011) conducted fixed-base driving simulator tests. They found a
bracing response in which the volunteers extend arms and legs and push rearward into
the driver seat while braking and/or steering, in response to a simulated frontal
collision threat. A similar response in volunteers performing rapid maximum driver
braking was also found in the volunteer study in Paper III as well as by van Rooij et al.
(2013). In the Paper III study it was found that both antagonistic and agonistic muscles
were activated. A peak average antagonistic activation of 22% MVC was found for the
shoulder muscles. The peak co-contractions found in the volunteer tests were applied
as constant in the AHBM for the simulation of maximum driver braking (Paper VI),
but this was not enough to capture the volunteer response. Nevertheless, the
simulation of a hypothesized anticipatory response, in which agonistic muscle
activations of the same size as those utilized by the volunteers (Paper III) was
generated in the AHBM by changes of the reference signal in the feedback controllers,
did.
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For the muscles of the upper body, the work in this thesis shows that, although the
bracing response of drivers in emergency braking contains some co-contraction, this is
not more than approximately 20% of MVC muscle activation. Average male volunteer
agonist muscle activations of up to 45% were found (Paper III), and up to 50% was
found for the AHBM in driver braking simulations (Paper VI). These levels of muscle
contraction are moderate, and it remains to be investigated whether they correlate
with the instruction for volunteers to be maximally tensed prior to a sled pre-crash test
in the laboratory. When testing braced volunteer’s responses to pre-crash loads in the
laboratory, a more relevant instruction is probably to encourage the volunteer to exert
a given force with the upper and lower extremities. This is more likely to provide
muscle activations similar to a driver braking in a vehicle, than the instruction to brace
by maximally co-contracting all muscles.
6.2.3 Variations in Occupant Postural Responses
The occupant kinematic response to braking interventions varies between subjects,
giving relatively wide response corridors when one standard deviation is used for the
corridor width. Therefore, scaling of the data to the 50th percentile anthropometry
(Schneider et al. 1983), using the stature and sitting height of individual volunteers was
attempted (Paper III). Although the scaling reduced the amplitude of the volunteer
responses, it had only negligible effects on the coefficient of variation for the response
data. Furthermore, the variation between subjects was larger than that for individual
subjects in repeated trials. Hence, it seems that the variation found in occupant
kinematic responses is due to differences in the postural control of the volunteers
rather than anthropometric variations, i.e. in size and weight.
For each of the papers modeling car occupant responses in this thesis, one set of
controller gains was derived, by engineering judgment (Paper II) and by utilizing a
meta-model (Paper V). The AHBM response was then validated with respect to
average volunteer kinematic data; this was done also for muscle activation data from
normalized EMG measurements (Paper V). Thus, an AHBM response resembling a
50th percentile volunteer postural response was achieved. The feedback control method
is easy to adapt to different conditions by changing the controller gains; for example it
was shown that changing controller gains can capture a number of different
instructions to the volunteers (Paper I). A more compliant occupant response, which
would be characterized by larger displacements and larger restraint interaction forces
can easily be achieved for the AHBM in Papers II and V by lowering the controller
gains, in particular the proportional gain which, in principle, works as a spring.
A less compliant response of the model, is on the other hand more difficult to achieve,
as increasing the controller gains reduces the stability margin of the closed-loop
system. The head angle controller for the AHBM shows an oscillatory response (Paper
II and V), indicating that the closed-loop system is very close to becoming unstable, i.e.
no longer providing an undisturbed response y(t) approaching zero as time approaches
infinity. In the Paper VI study, higher co-contractions were applied which remedied
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this; this was probably because pre-tensioned muscles provide a damping force that
increases the stability margin of the closed-loop system. Therefore, to model the
response of occupants who are less compliant than the average with closed-loop
postural control, a time varying co-contraction reflex such as suggested by Meijer et al.
(2012), may be necessary. One can speculate that less compliant occupants utilize
higher co-contraction levels, which will provide both an immediate damping response
and allow for higher postural feedback gains.

6.3 Limitations and Future Work
The present work has been limited to studying the car occupant muscle response to
pre-crash braking. Further development of the AHBM should also focus on including
postural control in the lateral direction in combination with the sagittal plane control
presented here. Due to the asymmetry of the human body in the coronal plane, this
will require a more refined muscle activation strategy; coronal and sagittal control
must also be coordinated, as most muscles of the spine affect both degrees of freedom.
Moreover, the AHBM has only been validated in pre-crash loading conditions. For
simulation of combined pre-crash and in-crash scenarios, further development work
will be required to ensure the numerical stability and validity of the model for both
high level and low level loads.
The finding that voluntary driver maneuvers exhibit a postural response different from
that of autonomously induced maneuvers will be useful for the modeling of evasive
steering. At present, it can usually be expected that emergency avoidance by steering
will be carried out by the driver, and modeling this is likely to require the inclusion of
an anticipatory postural response. However, collision avoidance by autonomous
steering is an integrated safety technology currently being developed (e.g. Eidehall et
al. 2007). The method to model car occupant muscle responses developed in this thesis
could also be applied to these types of events.
Furthermore, volunteer tests in a moving platform driving simulator, combining driver
initiated and autonomous braking and steering maneuvers, with EMG instrumentation
similar to that used in the studies in Papers III and IV, would allow confirmation of the
hypothesis that driver anticipatory responses are present in driver initiated voluntary
events but not in autonomous events.
For the study of reversible pre-tensioned seat belts, the influence on occupant muscle
responses in lateral maneuvers remains to be investigated in volunteer tests. Moreover,
several other factors influencing restraint performance should be investigated in future
studies, for example the effect of non-optimal belt fit due to bulky clothing, and for
obese occupants, or varying out-of-position conditions. For many of these conditions
the AHBM developed is a suitable tool to use.
Preliminary investigations have shown that converting the AHBM to standard LSDYNA input should be possible (Andersson 2013). This would improve the
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dissemination of the AHBM to the automotive industry and facilitate using the model
for the development of integrated safety systems, to improve future vehicle safety.
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7 Conclusions
In this thesis muscle responses of car occupants subject to pre-crash braking scenarios
were investigated. A human body model with active muscles (AHBM), that can model
the muscle and kinematic response of car drivers and front-seat passengers in pre-crash
braking scenarios, was developed; it was validated in both the driver and passenger
seats. Volunteer tests to provide validation data for the AHBM were conducted,
analyzed, and used. In the analysis and modeling of the volunteer tests, it was found
that driver initiated braking and autonomous braking generate two different sets of
postural muscle responses. The car occupant response to autonomous braking can be
modeled with postural feedback control, in which stabilizing muscle activations are
generated in response to external perturbations. Modeling driver initiated braking
requires the inclusion of an anticipatory feed-forward response. It is hypothesized that,
based on their previous experience of braking, the nervous system of car drivers
generates corrective postural muscle activations proportional to the deceleration load.
Furthermore, car occupant muscle activation levels during normal driving and in
braking events have been quantified in percent of maximum voluntary efforts.
Moderate levels of muscle activity were found during steady-state braking for both
male and female car occupants, in both agonist and antagonist muscles, indicating a cocontraction response. It was found that seat belt pre-tension can cause a startle
response in the form of a bilateral, simultaneous, short peak contraction of all upper
body muscles in some car occupants.
When the AHBM developed was validated in simulations of autonomous and driver
braking, it was able to capture the kinematic response of the volunteers with muscle
activation levels of similar magnitude. The AHBM was employed in a parameter study
of the force and activation timing of reversible pre-tensioned restraints; it was
predicted that, for 570 N of pre-tension, up to a 75% decrease in forward head
displacement caused by the braking decelerations was possible.
The method presented, with feedback control to model occupant postural and reflexive
muscle responses in FE HBM, has the potential to improve the model response in all
pre-crash and in-crash scenarios, in which the effect of muscle contraction on occupant
kinematics is not negligible, for example multiple events and roll-over accidents. It is a
step towards the virtual development of advanced integrated restraints which can lead
to improved vehicle safety and reduce the number of fatalities and injuries in the road
traffic environment.
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Appendix A: Implementation of the AHBM
In the AHBM the postural and reflexive responses are modeled for the trunk and
upper extremities using closed-loop systems with PID controllers as shown in Figure
A1, while the lower extremity muscles are open-loop controlled with pre-defined
activation levels. The controllers and activation dynamics model are implemented in
the solution control subroutine [7], while the musculoskeletal model is solved using the
standard LS-DYNA code.

Figure A1. Schematic representation of the implementation of the AHBM.

A.1 Notation
Variables
Muscle force
Fm
Force-velocity relation
fv
Force-length relation
fl
Parallel elastic stiffness
fpe
l
Muscle length
V
Muscle shortening velocity
v
Normalized muscle shortening velocity
y
Segment angle
r
Reference angle
e
Error signal
u
Control signal
Scaled control signal
us
Neural excitation
Ne
Muscle activation level
Na
Keyword notation
alm Activation level
cer Parallel elastic constant, equal to Cpe
dmp Damping constant
mid Material identification number
pis Maximum isometric stress
ro
Density
sfr Scale factor for the maximum shortening
velocity as a function of muscle length
sno Constant determining the optimal length, lopt
srm Constant determining the maximum
shortening velocity Vmax
ssm Parallel elastic constant, equal to PEmax
ssp Switch for the parallel elastic model
svr Referring to a load curve with the fv function
svs Referring to a load curve with the fl function

Constants
∆t
Time step
σmax
Maximum isometric stress
σd
Parallel elastic damping stress
Cleng
fv constant, lengthening
fv constant, lengthening asymptote
Cmvl
fv constant, shortening
Cshort
Parallel elastic constant
Cpe
Csh
fl shape constant
Proportional gain
kp
Integral gain
ki
Derivative gain
kd
linitial
Muscle length at t = 0
lopt
Optimal muscle length
PCSA Physiological Cross-Sectional Area
PEmax Parallel element strain at σmax
n
Simulation cycle
Vmax
Maximum shortening velocity
Tde
Neural delay
Tf
Derivative filter time constant
Tnaa
Activation time constant
Tnad
Deactivation time constant
Tne
Neural excitation time constant
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A.2 Musculoskeletal Model
For the muscles in the AHBM, a 1D phenomenological Hill-type muscle material
model is utilized. The axial stress of the muscles is computed according to
(A1)
where Na(t) is the muscle activation level and σmax is the maximum isometric stress of
the muscle. The force-velocity, fv, and force-length, fl, functions in Equation A1 are the
Hill-equations for the contractile element, shown in Figure 3. They are modeled
according to [17, 19]:
0

1

1

1

1

0

,
(A2)

1
0

1

1

(A3)

exp

where the shape of fv is determined by three constants, Ci, and the maximum
shortening velocity of the muscle, Vmax. Here, Cshort determines the shape for
concentric shortening, while Cleng determines the transition between concentric
shortening and eccentric lengthening of the muscle; Cmvl determines the asymptotic
value for increasing eccentric lengthening speeds. For fl in Equation A3, the shape
parameter, Csh, determines the width of the curve. The contribution of the parallel
elastic stiffness, fpe in Equation A1, is approximated by [17, 19]:
1
exp

1

exp

1

1

(A4)

where the parameter PEmax represents the amount of strain when the stress of the
passive element is equal to σmax. The shape parameter Cpe determines the curvature of
the PE stiffness, see Figure 3.
In Equation A1, σd is a damping component due to the passive properties of the muscle,
modelled according to
.
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(A5)

The representation of the passive muscle damping in Equation A5 was chosen due to
the implementation in the LS-DYNA material keyword *MAT_MUSCLE [11] that
was utilized in the AHBM. In tuning simulations (Paper I) to find appropriate passive
damping of the elbow joint, a value for dmp of 4000 Ns/m2 was found. This value was
used for all muscles in the AHBM; however, it produces negligible amounts of
damping stress in comparison with to the contribution of the contractile element with
only a few percent of activation. The structure of the *MAT_MUSCLE keyword in
LS-DYNA is shown in Figure A2.
*MAT_MUSCLE
$#
mid
ro
sno
srm
43511010 1.000E-10 0.950000 10.000000
$#
alm
sfr
svs
svr
-43511018 1.000000 -43500024 -43500012

pis
1.000000
ssp
0.000

ssm
0.800000

cer
6.150000

dmp
0.004000

Figure A2. Muscle material keyword in the LS-DYNA input deck for the AHBM, in the unit system
mm–s–tonne. This sample keyword is for the left anterior deltoid muscle. Keyword notation from LSPREPOST (LSTC Inc., Livermore, CA, USA).

A unique material identification number, mid, is used for each muscle element. The
density of the muscle material, ro, is chosen so that when multiplied by the cross
sectional area of the muscle, defined on the card *SECTION_BEAM, a mass in the
order of 0.001 kg is added to each attachment node. The parameter sno determines the
optimal muscle length, lopt, at which maximal isometric stress is generated, relative to
the muscle length for the first time step, linitial, of the simulation according to
(A6)

.

The maximum shortening velocity, Vmax in Equation A2, is determined by the
parameter srm, such that
∙

.

(A7)

The maximum isometric stress, σmax in Equation A1, is equal to the parameter pis in
the keyword in Figure A2. The parameters ssm and cer are related to the parallel
stiffness of the muscle and the material routine *MAT_MUSCLE utilizes the parallel
stiffness function in Equation A4. Hence, the parameter ssm is equal to PEmax, and cer
is equal to Cpe. The function of dmp is described in Equation A5.
In the second row in Figure A2, the parameter ssp = 0 indicates that the exponential
function of Equation A4 should be used for the parallel elastic stiffness, while sfr is a
scaling factor for the maximum shortening velocity, as a function of element length not
utilized in the AHBM, and set to unity. The length and force velocity relations of the
Hill-element, Equations A2 and A3, are tabulated in load curves
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(*DEFINE_CURVE) with the normalized length, l/lopt, and normalized shortening
velocity, V/Vmax, for the abscissa.
Finally, the parameter alm is the muscle activation level, Na(t), in Equation A1; it refers
to a load curve which is defined in the input keyword deck without any other
information than the load curve id, see Figure A3.
*DEFINE_CURVE
$#
lcid
43511018
*DEFINE_CURVE...

Figure A3. Definition of activation load curves, alm, for the muscle material model in LS-DYNA. The
*DEFINE_CURVE keyword with only a curve id, lcid, generates a variable in the uctrl1 subroutine in
the dyn21.f file.

The definition of an “empty” load curve, Figure A3, allocates a variable space in the
vector fvalnew in the solution control subroutine, uctrl1, in the file dyn21.f which is a
part of the source code of LS-DYNA [7]. For each muscle, an activation level is
calculated and stored in the variable space for its corresponding alm load curve as
described in subsequent sections.

A.3 Controller Model
For the PID controllers, the segment angles, y(t), of the elbows are calculated by using
the definition of the scalar product of vectors so that
∙
(A7)
| |∙| |
for vectors a and b spanning the length of the humeri and ulnae as shown in Figure A4.
The shoulder flexion angles and the spinal segment angles are calculated in the lateral
plane for the vectors, u, shown as solid lines in Figure A4 so that
cos

tan

(A8)

for i = head, cervical spine, lumbar spine, or humeri. All segment angles are calculated
relative to their value in the first time step of the simulation. Hence, a non-zero value
represents a deviation from the initial posture.
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Figure A4. PID controller angle definitions. The head (1), cervical (2), lumbar (3), and shoulder (4, 5)
angle controllers all use the angle of the body part with respect to the vertical axis, while the elbow (6, 7)
controllers utilize the relative angle between the corresponding humerus and ulna. Soft tissues of the
trunk, neck, and upper extremities are not shown.

In the solution control subroutine, a neural delay is implemented for the segment
angles, y(t), to represent the neural transmission time, Tde, required both for sensory
and motor neural signals. The delayed angle signals, y(t−Tde), are compared with the
reference angles r(t) to calculate the controller error e(t):
(A9)

.

In simulations with the objective to maintain the initial posture (Papers I, II, and V),
the references were always set to zero. In the Paper VI study, time varying reference
signals, r(t), proportional to the applied deceleration, were used to model driver
anticipatory postural responses. The PID controllers are then utilized to calculate
correction control signals u(t) according to:
∙

∙

∙

(A10)

.

In Equation A10, kp, ki, and kd are the proportional, integral, and derivative gains of
the PID controllers. The integral of the error is calculated using summation and the
trapezoidal rule with the value of e(t) for the present, n, and previous, n−1, time step,
∆t:
∙∆ .

2

(A11)

The derivative of the error, de(t)/dt, is calculated with backward differentiation and
low-pass filtered by a first-order filter with a time constant, Tf, to avoid transient peaks
in the derivative:
∆
∆

∆

∙

∆

.

(A12)
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Controller gains, derivative time filter constants, and neural delays utilized for the
AHBM (Papers V and VI) studies are tabulated in Table A1. The time step, ∆t, of the
THUMS v3.0 is fixed to 6.6 · 10−7 s by mass scaling by using the keyword
*CONTROL_TIMESTEP [10].
Table A1. Controller gains, derivative filter time constants, neural delays, and activation dynamic time
constants used for the validated AHBM (Paper V and VI).
Controller
Unit
Head
Cervical
Lumbar
Shoulder
Elbow

kp
Contraction
rad
0.865
1.301
1.120
1.059
2.000

ki
Contraction
rad·s
1.263
1.476
0.000
1.000
1.000

kd
Contraction·s
rad
0.578
0.467
0.159
0.437
0.062

Tf
s

Tde
s

Tne
s

Tnaa
s

Tnad
s

0.0050
0.0050
0.0050
0.0044
0.0044

0.020
0.020
0.025
0.030
0.034

0.035
0.035
0.035
0.035
0.035

0.010
0.010
0.010
0.005
0.005

0.040
0.040
0.040
0.035
0.035

A.4 Muscle Recruitment and Activation Dynamics
A muscle recruitment strategy is used in which the AHBM muscle elements are
grouped as either flexors or extensors for each controller. As the flexor and extensor
groups have different maximum isometric strengths, the request to the muscle groups
are scaled with the factors in Table A2, to provide a symmetrical controller response.
The controller gains reported in Paper V are the product of the gains in the input
keywords, Table A1, and the strength of the weakest muscle group for each controller
in Table A2.
Table A2. Strength of the flexor and extensor muscle groups in the AHBM, scale factors for the
different muscle groups, and effective controller gains (Paper V). The muscles are grouped according to
Table A3.
Muscle group
Flexors (Nm)
Extensors (Nm)

Head

Cervical

Lumbar

Shoulder

Elbow

6.6
20.9

9.2
34.1

78.7
133.7

50.8
72.7

86
48.2

1
−0.317

1
−0.271

1
−0.588

−1
0.698

0.578
−1

12
14
4

88
0
12

54
51
22

97
48
3

Scale factor
Flexors
Extensors
Gains (Paper V)
kp (Nm/rad)
ki (Nm/rad·s)
kd (Nm·s/rad)
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6
8
4

The scaled controller requests to each muscle group can be either positive or negative,
but only positive scaled requests us(t) are passed through to the activation dynamics
model. If the scaled request is negative, it is replaced by a zero request. The activation
dynamics model is defined by two first order low pass filters in series [17] that generate
muscle activation levels Na(t):
,

(A13)

.

(A14)

The first filter is for an intermediate neural excitation level Ne(t), driven by the
absolute value of the scaled us(t), one for each muscle group. The second filter for the
activation level Na(t) represents the contraction dynamics of the muscle; it is mainly
dependent on the calcium ion release from the sarcoplasmic reticulum, which is rate
limiting for the muscle contraction [18]. Muscle activation, the calcium release, is faster
than deactivation, the calcium absorption, which is why the time constants, Tna,
governing the contraction dynamics are split into two, Tnaa for activation and Tnad for
deactivation. The activation dynamics time constants are tabulated in Table A1.
Furthermore, the excitation level, Ne(t), and activation level, Na(t), are saturated at a
maximum equal to one.

A.5 Muscles Included
The Hill-model parameters for the muscles implemented in the AHBM (Paper I–II
and V–VI), are tabulated in Table A3.
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Table A3. All muscles implemented in the AHBM. For all muscles the parameter PEmax is 0.8. No. = Number of elements; Func. = Function; A. tub. = Anterior
tubercle; M. = Medial; P. tub. = Posterior tubercle; S. A. proc. = Superior articular process; T. proc. = Transverse process; HF = Head flexor; HE = Head
extensor; CF = Cervical flexor; CE = Cervical extensor; LF = Lumbar flexor; LE = Lumbar extensor; SF = Shoulder flexor; SE = Shoulder extensor; EF = Elbow
Flexor; EE = Elbow extensor; HiF = Hip flexor; HiE = Hip extensors; KF = Knee flexor; KE = Knee extensor; DF = Dorsiflexor; PF = Plantarflexor. *
Estimated; ** Moved from anatomical origin which is 1st–11th rib [4]; *** Only clavicular part of pectoralis major included in model.
Muscle

Func.

Origin

Insertion

5

CE

T. proc. C2–C6
[14]

T. proc. T2–
T6

3

CE

12

CE

Semispinalis cervicis

4

CE

Semispinalis thoracis

2

CE

4th–6th rib
T. proc. C5–
T4
T. proc. T1–
T4
T. proc. T5–
T6

Splenius cervicis

3

CE

Levator scapulae
Obliqus capitis inferior

4
1

CE
CE

Scalenus posterior
Scalenus medius

3
6

CF
CF

Scalenus anterior
Longus colli superior
oblique

4

CF

3

CF

Longus colli vertical
Longus colli inferior
oblique

4

CF

2

CF

Tibialis anterior

1

DF

P. tub. C4–C6 [12]
S. proc. C2–C7
[12][1]
S. proc. C2–C5
[12]
S. proc. C6–C7
[12]
T. proc. C1–C3
[12]
T. proc. C1–C4
[12]
T. proc. C1 [12]
T. proc. C4–C6
[14][12]
C2–C7 [12]
A. tub. C3–C6
[14]
Anterior arch C1
[12]
Vertebral body
C2–C4 [12]
T. proc. C5–C6
[12]
Proximal, lateral
side of tibia [12]

Erector spinae
longissimus cervicis
Erector spinae
iliocostalis cervicis
Multifidus cervicis
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No.

PSCA
[mm2]

σmax
[MPa]

sno
[–]

Csh
[–]

srm
[–]

Cshort
[–]

Cleng
[–]

Cmvl
[–]

Cpe
[–]

149 [16]

0.5

0.9

0.5

2.2

0.25

0.1

1.5

6.0

99 [16]

0.5

0.9

0.5

2.2

0.25

0.1

1.5

6.0

450 [15]

0.5

0.9

0.5

2.2

0.25

0.1

1.5

6.0

310 [16]

0.5

0.9

0.5

2.2

0.25

0.1

1.5

6.0

140*

0.5

0.9

0.5

2.2

0.25

0.1

1.5

6.0

S. proc. T3–T5

144 [16]

0.5

0.9

0.5

2.2

0.25

0.1

1.5

6.0

Scapula
S. proc. C2

312 [16]
195 [16]

0.5
0.5

0.9
0.9

0.5
0.5

2.2
2.2

0.25
0.25

0.1
0.1

1.5
1.5

6.0
6.0

1st rib
1st rib

105 [16]
138 [16]

0.5
0.5

0.9
0.9

0.5
0.5

2.2
2.2

0.25
0.25

0.1
0.1

1.5
1.5

6.0
6.0

1st rib
T. proc. C3–
C5
Vertebral
body C7–T3
Vertebral
body T1–T2
Medial
cuneiform

188 [16]

0.5

0.9

0.5

2.2

0.25

0.1

1.5

6.0

81 [8]

0.5

0.9

0.5

2.2

0.25

0.1

1.5

6.0

90 [8]

0.5

0.9

0.5

2.2

0.25

0.1

1.5

6.0

40 [8]

0.5

0.9

0.5

2.2

0.25

0.1

1.5

6.0

1100 [2]

0.5

0.95

0.33

5.0

0.3

0.005

1.35

6.95
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Triceps, element 1

1

EE

Scapula [12]

Triceps, element 2

1

EE

Humerus [12]

Triceps, element 3

1

EE

Humerus [12]

Triceps, element 4

1

EE

Humerus [12]

Triceps, element 5
Biceps brachii, long
head
Biceps brachii, short
head

1

EE

1

EF

1

EF

Humerus [12]
Glenohumeral
joint [12]
Coracoid proc.
[12]

Brachialis, element 1

1

EF

Humerus [12]

Brachialis, element 2

1

EF

Humerus [12]

Brachioradialis

1

EF

Pronator teres
Extensor carpi radialis
longus
Erector spinae
longissimus capitis

1

EF

Humerus [12]
M. epicondyle of
humerus [12]

1

EF

8

HE

Semispinalis capitis

5

HE

Splenius capitis
Trapezius
Rectus capitis posterior
minor
Rectus capitis posterior
major
Rectus capitis lateralis

6
3

HE
HE

1

HE

1
1

HE
HE

Humerus [12]
Mastoid process
[14]
Occipital bone
[15][14]
Mastoid process
[12]
Skull [16]
Occipital bone
[12]
Occipital bone
[12]
Skull [12]

Olecranon
process
Olecranon
proc.
Olecranon
proc.
Olecranon
proc.
Olecranon
proc.
Radial
tuberosity
Radial
tuberosity
Ulnar
tuberosity
Ulnar
tuberosity
Radius, distal
end
Radius,
medial end
Second
metacarpal
T. proc. C4–
T4
S.A. proc. C4–
C7
T. proc. T3
S. proc. C5–T3
Clavicula
P. tub. C1
Spine of C2
C1

570 [9]

1.0

0.98

0.64

5.0

0.3

0.005

1.25

3.0

450 [9]

1.0

0.97

0.48

5.0

0.3

0.005

1.25

3.0

150 [9]

1.0

0.95

0.64

5.0

0.3

0.005

1.25

3.0

150 [9]

1.0

0.90

0.87

5.0

0.3

0.005

1.25

3.0

150 [9]

1.0

0.90

1.34

5.0

0.3

0.005

1.25

3.0

450 [9]

1.0

1.034

0.14

5.0

0.3

0.005

1.35

6.15

310 [9]

1.0

1.033

0.21

5.0

0.3

0.005

1.35

6.15

355 [9]

1.0

1.06

0.50

5.0

0.3

0.005

1.35

6.15

355 [9]

1.0

1.073

0.60

5.0

0.3

0.005

1.35

6.15

190 [9]

1.0

1.0

0.14

5.0

0.3

0.005

1.35

6.15

400 [9]

1.0

1.038

0.35

5.0

0.3

0.005

1.35

6.15

220 [9]

1.0

1.01

0.35

5.0

0.3

0.005

1.35

6.15

98 [16]

0.5

0.9

0.5

2.2

0.25

0.1

1.5

6.0

550 [16]

0.5

0.9

0.5

2.2

0.25

0.1

1.5

6.0

312 [16]
378 [16]

0.5
0.5

0.9
0.9

0.5
0.5

2.2
2.2

0.25
0.25

0.1
0.1

1.5
1.5

6.0
6.0

92 [16]

0.5

0.9

0.5

2.2

0.25

0.1

1.5

6.0

168 [16]
70 [8]

0.5
0.5

0.9
0.9

0.5
0.5

2.2
2.2

0.25
0.25

0.1
0.1

1.5
1.5

6.0
6.0
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60
Obliqus capitis superior

Occipital bone
[12]
Skull [12]
Occipital bone
[14][12]
Mastoid process
[14][12]
Inferior ramus of
pubis [12]

Rectus capitis anterior

1
1

HE
HF

Longus capitis

4

HF

Sternocleidomastoid

2

HF

Adductor magnus

4

HiE

Gluteus maximus

3

HiE

Biceps femoris

2

Semi-membranosus

1

HiE,
KF
HiE,
KF

Semitendinosus

1

HiE,
KF

Adductor longus

1

HiF

Iliacus

1

HiF

Pectineus

1

HiF

Iliac fossa [12]
Pectineal line
[12]

Psoas

1

Rectus femoris

1

HiF
HiF,
KE

L2 vertebra [12]
Anterior inferior
iliac spine [12]

Sartorius

1

HiF,
KF

Vastus

3

KE

Anterior superior
iliac spine [12]
Anterior, upper
third of femur
[12]

60

Iliac crest and
coccyx [12]
Ischial tuberosity
and linea aspera,
mid femur [12]
Ischial tuberosity
[12]
Ischial tuberosity
[12]
Front of pubis
[12]

T. proc. C1
C1
T. proc. C3–
C6
Clavicula and
sternum
Linea aspera,
along femur
Gluteal
tuberosity on
femur
Lateral
condyle of
tibia
Medial tibial
condyle
Proximal,
medial surface
of tibia
Linea aspera,
mid femur
Lesser
trochanter
Linea aspera,
proximal end
Lesser
trochanter
Quadriceps
tendon
Proximal,
medial surface
of tibia
Quadriceps
tendon

88 [16]
70 [8]

0.5
0.5

0.9
0.9

0.5
0.5

2.2
2.2

0.25
0.25

0.1
0.1

1.5
1.5

6.0
6.0

136 [16]

0.5

0.9

0.5

2.2

0.25

0.1

1.5

6.0

492 [16]

0.5

0.25

0.1

1.5

6.0

0.5

0.5
0.25–
0.6

2.2

2130 [2]

0.9
1.23–
1.45

5.0

0.3

0.005

1.35

6.95

3040 [2]

0.5

1.45–
1.80

0.6–
1.1

5.0

0.3

0.005

1.25

6.95

1680 [2]

0.5

0.9–
0.95

0.2–
0.3

5.0

0.3

0.005

1.35

6.95

1910 [2]

0.5

0.92

0.2

5.0

0.3

0.005

1.35

6.95

490 [2]

0.5

0.92

0.2

5.0

0.3

0.005

1.35

6.95

650 [2]

0.5

0.9

0.25

5.0

0.3

0.005

1.35

6.95

1020 [2]

0.5

0.9

0.25

5.0

0.3

0.005

1.35

6.95

290 [2]

0.5

0.8

0.33

5.0

0.3

0.005

1.35

6.95

790 [2]

0.5

0.9

0.25

5.0

0.3

0.005

1.35

6.95

1390 [2]

0.5

1.0

0.8

5.0

0.3

0.005

1.35

6.95

190 [2]

0.5

0.9

0.25

5.0

0.3

0.005

1.35

6.95

7750 [2]

0.5

1.0

0.8

5.0

0.3

0.005

1.25

6.95

Gastrocnemius

2

KF,
PF

Quadratus lumborum

5

LE

Multifidus thoracis

8

LE

Medial and lateral
condyles of femur
[12]
12th rib, T. proc.
L1–L4 [3]
S. proc. T8–12
[12]

13

LE

S. proc. L1–L5 [3]

Iliac crest
T. proc. L1–
L4
L4–L5,
Sacrum, Iliac
crest

12

LE

7th–12th rib**

S. proc. L2–
L5, Sacrum

5

LE

T. proc. L1–L5 [4]

8

LE

4

LE

Rectus abdominis

3

LF

Internal oblique

2

LF

External oblique

2

LF

Teres major

1

SE

Latissimus dorsi

3

SE

Deltoid, posterior

3

SE

Multifidus lumborum
Erector spinae
longissimus thoracis
pars thoracis
Erector spinae
longissimus thoracis
pars lumborum
Erector spinae
iliocostalis lumborum
pars thoracis
Erector spinae
iliocostalis lumborum
pars lumborum

Calcaneal
tuberosity

3130 [2]

0.5

0.95

0.33

5.0

0.3

0.005

1.35

6.95

280 [6]

0.5

0.9

0.5

2.2

0.25

0.1

1.5

6.0

464 [5]

0.5

0.9

0.5

2.2

0.25

0.1

1.5

6.0

833 [4]

0.5

0.9

0.5

2.2

0.25

0.1

1.5

6.0

1109 [4]

0.5

0.9

0.5

2.2

0.25

0.1

1.5

6.0

Iliac crest

499 [4]

0.5

0.9

0.5

2.2

0.25

0.1

1.5

6.0

12th rib**

Iliac crest

547 [4]

0.5

0.9

0.5

2.2

0.25

0.1

1.5

6.0

T. proc. L1–L4 [4]
5th–7th costal
cartilage [13][12]
Costal
cartilage[13][12]
Costal
cartilage[13][12]
Inferior angle of
scapula [12]
Spinous process
of T12, L3, and
L5 [12]
Acromion and
scapular ridge
[12]

Iliac crest

633 [4]

0.5

0.9

0.5

2.2

0.25

0.1

1.5

6.0

Crest of pubis

567 [13]

0.5

0.98

0.5

2.2

0.25

0.1

1.5

7.2

Iliac crest

710 [13]

0.5

0.9

0.5

2.2

0.25

0.1

1.5

7.2

Iliac crest

905 [13]

0.5

0.9

0.5

2.2

0.25

0.1

1.5

7.2

Humerus

300 [9]

1.0

0.95

0.50

5.0

0.3

0.005

1.35

6.15

Humerus

760 [9]

1.0

0.95

0.50

10.0

0.3

0.005

1.35

6.15

Humerus

190 [9]

1.0

0.95

0.50

10.0

0.3

0.005

1.35

6.15

61
61

62
Deltoid, anterior

1

SF

Deltoid, middle

1

SF

Pectoralis major***

1

SF

Coracobrachialis

1

SF

62

Lateral third of
clavicula [12]
Lateral margin of
the acromion [12]
Sternal half of
clavicle [12]
Coracoid process
[12]

Humerus

820 [9]

1.0

0.95

0.50

10.0

0.3

0.005

1.35

6.15

Humerus

820 [9]

1.0

0.95

0.50

10.0

0.3

0.005

1.35

6.15

Humerus

260 [9]

1.0

0.95

0.50

5.0

0.3

0.005

1.35

6.15

Humerus

170 [9]

1.0

0.95

0.50

5.0

0.3

0.005

1.35

6.15
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