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Lefi’ In the past, muscle activation has Dbeen
" entified as having an important effect on the head-neck

“sponse in dynamic conditions. However, this claim has
.gen largely based on global observations, and not by
keurate analysis. In this study, the influence of muscle
Jtivation on the head-neck response is investigated by
“jathematical modeling. The detailed mathematical
“kad-neck model presented by De Jager is improved by
,%»odeling the neck muscles in more detail. A multi-
:§egment muscle description is applied in which the
eﬁuscles curve around the vertebrae, resulting in realistic
duscle lines of action. The model is validated with
‘Wman volunteer responses to frontal and lateral impact
several severities. The model response with
faximum muscle activation to high severity frontal and
eral impacts agrees well with volunteer responses,
ereas a submaximum activation level or a larger
“#flex delay provides better results for the low severity
g@pacts. The simulations show that muscle contraction
- 1as a large influence on the head-neck response.

TRODUCTION

Neck injuries occur frequently in car accidents
ulting in human suffering with high social costs. This

R ST

 long-term impairment. The mechanisms causing
. Muries to the neck are not fully understood as the neck
- % an anatomically and mechanically complex structure.

%

due to a high injury incidence and a considerable risk -
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Both experimental research and mathematical modeling
may aid in the understanding of neck injuries.

Biomechanical models  with  increasing
complexity are presented in the literature. However, only
a few models incorporate neck muscles as separate
structural elements [1,2]°. Despite good intentions, these
models describe the activity of the muscles using
passive components (e.g. springs and dampers). A very
simple two-pivot head-neck model with muscles that can
be activated individually was presented by Happee and
Thunnissen [3]. The muscle activation force was
modeled by using the non-linear functions of Hill [4,5]. A
detailed model of the head-neck system with muscles
was presented by De Jager [6]. The model was based
on the model of Deng and Goldsmith [2], and comprises
rigid body head and vertebrae connected through linear
viscoelastic discs, nonlinear viscoelastic ligaments, facet
joints, and Hill-type muscles. The model was validated
for 7g lateral and 15g frontal volunteer experiments [7,8].
The lateral experiments were described very well, but
the response was too flexible for the frontal experiments.
This lack was mainly attributed to the incapability of the
muscle elements to curve around the vertebrae: this
appeared to be a particular problem in the case of large
neck rotations. Despite this shortcoming, the simulations
showed that the influence of activated muscles on the.
head-neck response is large, as demonstrated earlier by
Wiliams and Belytschko [9] and by biological

2 Numbers in brackets designate references at end of
paper.
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experiments [10,1‘1,12,13,14], even with accelerations
up to 15g.

Muscular activity has been studied in biological
experiments. However, presumably due to technical
problems, results that quantify the timing and level of
muscular activation have not been published to the best
knowledge of the authors. Therefore, mathematical
modeling is considered a more feasible approach for
studying the role of muscular activation in impact

conditions.

OBJECTIVE - The objective of our study is to
investigate the influence of muscle activation on the
head-neck response by modeling. An improved
mathematical head-neck model based on De Jagers
model [6,15] will be validated with human responses to
frontal and lateral impact at several impact severities G
ievels).

METHOD - The original detailed multi-pivot
head-neck model of De Jager [6,15] is adapted by
improving the muscle geometry, including more
muscles, and dividing the muscles into a number of
segments, allowing the muscles to curve around the
vertebrae during neck bending. A pilot study of this new
head-neck model, which will be named “Curved Muscle
Neck” model (CMN model) can be found in [16]. This
CMN model is validated using the human volunteer
head-neck responses subjected to 15g frontal and 7g
lateral HYGE sled experiments performed at the Naval
Biodynamics Laboratory (NBDL) [17]. To study the effect
of muscle behavior on the head-neck response, both
active and passive muscle behavior is simulated, i.e.
with and without muscle activation. The CMN model is
also verified for frontal impacts at lower G levels (12g,
10g, 8g, 6g, 3g). Finally, a limited parametric study in
which the activation level and reflex delay of the muscles
are varied is conducted to investigate the influence of
muscle activation.

MODEL DESCRIPTION

The detailed model comprises nine rigid bodies,
representing the head, the seven cervical vertebrae, and
the first thoracic vertebra (T1). Ellipsoids represent the
skull and the vertebrae with spinous and transverse
processes, and articular facet surfaces. The bodies are
connected through three-dimensional linear viscoelastic
discs, two-dimensional nonlinear viscoelastic ligaments,
frictionless facet joints (ellipsoid contacts), and
contractile Hill-type muscles. For a detailed description
of the elements, the reader is referred to [15]. The model
is implemented in the integrated multibody/finite-element
package MADYMO 5.2.1 [18].

MUSCLE GEOMETRY - In the original model,
the muscles are modeled as straight line elements
connecting origin to insertion, consequently, the muscles

could not follow the curvature of the neck, resulting in  4gg

too large head and neck rotations [6,15]. In the CM
model, intermediate frictionless sliding points throye,
which the muscles pass simulate the curving of
muscles around the vertebrae during neck bending (sect
Figure 1). This curved musculature is modeled by (2
chain of connected muscle segments [18]. The muscyjC
tension force is based on the active state, and top0*

lengthening and lengthening velocity of the muscle. e
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Figure 1: Path of a multi-segment muscle in initial ang
flexed position. Only one part of the semispinalis capitis}L
is shown to clarify muscle curvature. The intermediatji
sliding points are attached to the vertebrae. :
g
IR

It is generally assumed that in the human bod){:
the dorsal muscles generate the largest torque at TH;
level and that this torque decreases in the direction d;
the head. According to Happee and Thunnissen [19], thél
resulting maximum torques at Ti-level for the mode:
should be around 100 Nm for the extensor muscles and. ‘
44 Nm for the flexor muscles. The maximum isomer¢
torques of the original model deviate considerably from
the expected behavior. Therefore, compared to the
original model, more muscles are included and musclé
geometry is improved (see Appendix). Some muscles
are represented by more than one muscle element ¢
account for different points of attachment of the musclé
group [20]. Maximum torque and torque distribution:$
improved for extension (see Figure 2) and flexiot
compared with the original model. BN
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Figure 2: Comparison of extension torques in initial
yosition due to maximum isometric muscle forces.
f .

! In conclusion, in the CMN model in the initial
qosition, cervical muscles are represented by a number
- if straight line muscle elements that consist of several

[
: gegments. The muscles curve around the vertebrae

©juring neck bending. An overview of the modeled
- nuscles can be found in the appendix. For more
lietailed information about the muscle model, the reader

15 referred to [15,21].

r
A [( INITIAL POSITION - In reality, the neck muscles
lare slightly activated to maintain the initial position of the
“head. To incorporate this into the model would require
reural excitation of the muscles utilizing a complex
" leedback mechanism. Since this is beyond the primary
| nrterest of this study, gravity is neglected to create an
apifigipright initial position of the head, and a simpler
’d'at‘]’épproach is used for muscle activation during impact.

|

I
siuhs assumed that the neck muscles are not activated at
bo‘ﬂ‘the time of impact. An increasing activation has been
t T’-*?‘iimplemented in response to impact loading (see Figure
on 0y Muscular activation can be specified by mathematical
I th modeling of neural feedback mechanisms [22].
“O,d, *However, the current musculoskeletal model was
> @Mleonsidered too complex for this approach. Instead it has
1elMlheen assumed that muscles are activated after a certain
.-,jsensory threshold level has been exceeded (t, in

usééfigure 3). Subsequently a neural reflex time t ., is
sclesmplemented as a pure delay. Thus the activation starts
nttqto rise at tact=tlevel+treﬂex (see F'gure 3) lt takes abOUt 55
isclems after the moment of activation t,,, for the muscle

b MUSCLE ACTIVATION - As described above, it

;b Activation dynamics have been implemented as the
~ istep-response of two linear first-order systems in series,
~Uescribing the excitation and activation dynamics with
. lime constants of respectively 45 ms and 10 ms [23].
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Figure 3: Active state of the muscles compared to the
impact puise for the head-neck. Activation starts at t,, =
b+t

fevel reflex’

Szabo et al. [14] hypothesize that muscle
activity is triggered by lumbar spine acceleration. We
assume that T1 acceleration could also be a trigger for
muscle activation. Therefore, the sensory threshold in

‘this study is based on a T1 acceleration level of 0.5g,

resulting in a t_,, ranging from 45-62 ms. Reported
motor reflex times range from 10-120 ms
[13,14,24,25,26,27]. In the current study, a motor reflex
delay of 25 ms (t_,.) was chosen. After another 55 ms

reflex:

the muscle active state reaches its maximum®, which in
these simulations is 100% muscle activation. In a limited
parametric study, the activation level and reflex times
are varied to investigate their influence on the head-neck
responses.

RESPONSE TO VARIOUS IMPACTS

The model has been validated for frontal and
lateral impact at several G levels using human volunteer
responses [7,17]. The effect of muscle contraction on
the head-neck response is studied by simulation with
(active) and without (passive) muscle activation. The
average horizontal acceleration in impact direction of
vertebra T1 is used as input to the model to simulate the
impact (see Figure 4). The corridors used to compare
the model with are defined as the average volunteer
response plus or minus the standard deviation [8l.
Corridors are available for the linear and angular
acceleration of the head’s center of gravity relative to the
laboratory coordinate system (+x is forward, +y is to the
left, +z is upward); the trajectory of the occipital
condyles and the center of gravity of the head relative 10
the T1-vertebral body; rotation of the head, which is the
rotation of head center of gravity relative to T1; neck
rotation, i.e. the neck link rotation relative to T1; head
lag, which is neck rotation as a function of head rotation;
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and neck link length. The neck link is defined as the
straight line connecting T1 to the occipital condyles. As
lower frontal impact levels have not yet been completely
analyzed by the method described by Thunnissen et al.
[8], only the resultant linear head acceleration, the

.angular acceleration, and the corrected peak value of

the head and neck rotation are used.

400.0

0.0

T1 acceleration (m/sz)

-100.0 +

o— 10g

— 12g
- 15g
-=-=-- Tg lateral

-200.0 1

-300.0

0.0 50.0 100.0 150.0 200.0 250.0

Time (ms)

Figure 4: Average T1-acceleration used as input to the
model to simulate the impact.

FRONTAL -15g - For the model with muscle
activation, the extensor muscles are 100% activated to
oppose the flexion motion of the head and neck. The
results of the active CMN model and the active original
model are compared in Figure 5° together with the
response corridors of a frontal sled test with a sled
acceleration of 15g. The head and neck rotation of the
CMN model are reduced, as well as the displacements
of the occipital condyles and center of gravity of the
head. The head lag response shows that after a neck
rotation of about 30 deg the head starts to rotate as well,
and head and neck move more or less as one unit,
which is also known as locking [6]. Overall, the response
of the CMN model is improved and agrees adequately
with the corridors.

The responses of the original and CMN model
without muscle activation seem to be virtually identical.
Since the muscles are the only difference between both
models, it can be stated that with used muscle
parameters, the influence of the passive behavior of the
extra muscles is negligible. Examples of muscle force
and muscle length are shown in the appendix.

Figure 6 compares the active response with the
passive response of the CMN model. Muscle contraction
clearly influences the response, as was already shown
by De Jager [6] and Williams and Belytschko [9]. Head

° Response characteristics are included at end of paper.

T

angular acceleration oscillates less for the acty, ‘
response due to muscle contraction. The trajectories '
the occipital condyles and center of gravity of the hegq
decrease significantly due to muscle contraction. Heag
rotation also shows a strong decrease in responge
whereas neck rotation shows a smaller, but stifx
significant reduction. Initially, the head lag for the actiyg
and passive response compare well.

Figure 7 depicts the intervertebral joint rotationg

for the active and passive response of the CMN model in
-.comparison with static in vivo ranges of motion [15,28]"
as no ranges of motions during dynamic loading were

~ available. Flexion occurs in all joints, except in the twg
upper joints, where extension initially takes place
illustrating that head rotation lags behind neck rotationy,',
The CO0-C1 rotation for the active response shows thafi
the changes of rotation of the head relative to the neck
are small after 125 ms, which confirms the ocbservation
regarding locking; that is, as mentioned before, rotation;
of the head relative to the neck is almost absent. The]g
rotations of the four upper joints only slightly exceed the!
ranges of motions. Although reduced by muscle
contraction, the rotations of C5-C6, C6-C7 and C7-T1|
still seem to be unrealistically large. i

passive response of the CMN model and the response!

corridors for a 7g lateral sled test. For the model with}
muscle activation, the extensor and flexor muscles on
the left side are 100% activated to oppose the motion of,
the head and neck to the right. All responses with active.
muscle behavior agree adequately with the corridors.(
Muscle contraction affects the head-neck motion
strongly and causes the model responses to react!
sooner than the volunteer responses. Especially the]
trajectories and head x-rotation (lateral) are closer to the|
corridors. However, the z-rotation (axial), which already;
agreed with the corridor is hardly influenced by muscle|
activation. It can be observed from Figure 9 that all joint,
rotations for the active response lie within the static|
corridors [28], with the exception of the two lower joints'
that exceed the ranges of motion considerably. The!
muscle tensioning leads to smaller lateral joint rota’tionsL

i
{

for all joints, however, the extension of the two upper|

i
cervical joints were found to increase. |

LATERAL - 7g - Figure 8 shows the active and,

i

FRONTAL - VARIOUS LEVELS - In Figures 10-|
14, the active (100%) and passive response to the 12g,
10g, 8g, 6g, and 3g impact simulations are shown in
comparison with the human volunteer responses of thet ;
corresponding sled tests. As no experimental EMG data | ‘
were available, the activation signal for the muscles is!
the same for all .simulations. For these low and mid!
severity impacts, it is shown that the head and neck’
rotations are too large for the passive response, while
they are too much restrained by maximum muscle |
contraction for the active response. Observed trends aré
that the response for linear and angular accelerations, :
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. as well as the head and neck rotations, resemble the
i‘Vef‘ corridors better as the impacts become more severe.
' Of
ad PARAMETRIC STUDY MUSCLE ACTIVATION-
53(? A limited parametric study is performed by decreasing
Se, the muscle activation signal for frontal impact
St‘" simulations. The mode! responses with 100% and 0%
“’& (passive) muscle activation are compared with the
model responses with 25% and 50% activation. Figure
. 15 shows that a response to a 15g frontal impact with
NS 100% muscle activation agrees well with the volunteer
!"‘” responses, whereas a 25% muscle activation provides
8]n promising results for a 3g frontal impact. It can be
e opserved that the influence of the muscles increases
W with rising activation level. Similar trends were observed
8, for the other frontal severities.
n,
at The simulations with a 25 ms reflex time are
ck compared with different reflex times, i.e. 0 ms ,15 ms,
on and 50 ms, to investigate the influence of the time
Onf pefore muscles start to activate. Figure 16 shows that
he% head and neck rotation are reduced by decreasing reflex
hey times for the 15g and 3g frontal impact. These trends

;‘15 were also observed for the other frontal severities.

| DISCUSSION

22 in this study, the response of De Jager's
th! detailed head-neck model is significantly improved by

modeling the cervical musculature in more detail. The
N model consists of rigid head and vertebrae, linear
viscoelastic discs, frictionless facet joints, nonlinear
| viscoelastic ligaments, and segmented contractile
Dr;',muscles. Human volunteer responses are used to

validate the model. In contrast with former studies {6,9],
the influence of muscle activity on the head-neck
response is investigated by simulating with and without

;e muscle activation and by varying the muscle activation
;le}a, level and reflex delay.
t?gl FRONTAL - 15g - The response of the active

s | model is improved because the muscles are modeled in
> more detail and can curve around the vertebrae, which
results in more realistic muscle lines of action in contrast
with the original model. Head and neck motion is
significantly reduced by muscle contraction. However,
the head lag for the active and passive response are
nearly identical. This is in contrast with observations
made by Wismans et al. [29], who conciuded from
91 volunteer and Post Mortem Human Subject (PMHS)
experiments that the muscles are responsible for the

er

more likely that the differences in head lag and locking
are caused by different initial positions in volunteer and
| PMHS tests. In the current study the initial position is not
' varied. This could explain why the head lag and locking
! phenomena are almost identical for passive and active

. ‘[ responses.

id

S, |
!

|

head lag and locking of head and neck rotation. It is
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Although the muscles can curve around the
vertebrae, in the CMN model extreme joint rotations still
occur. Especially in the case of no muscle: actlvatlon
this causes unrealistically large head and neck rotation.
Thus, the neck response at the segmental level needs’ to
be improved, which may be achieved by improving the
characteristics of the intervertebral discs and llgamental
structure.

LATERAL - 7g - Muscle contraction affects the
head-neck motion strongly, which is also reflected by the
frontal impact responses. The active model responses
react sooner than the volunteer responses for the lateral
impact. This could be caused by stiffening of the neck
due to muscle contraction, which causes the neck to
react sooner to an acceleration field. In the high severity
lateral impact, the model with active muscle behavior
agrees well with the volunteers for the linear and angular
accelerations of the head, the trajectories of the occipital
condyles, and center of gravity of the head and the head
rotations.

FRONTAL - VARIOUS LEVELS - Muscle
activation restrains the head and neck motion more with
decreasing severities. A parametric study was
‘performed in which the level of muscle activation was
decreased. It can be concluded that. the muscle
activation level is very important for correctly describing
the model response. Independent of the level of severity,
the influence of the muscles increases with increasing
muscle activation. Muscle contraction also increases
with decreasing reflex delay. Thus, accurate muscle
activation seems essential to control the human head-
neck response to impacts. Therefore, muscle activation
signal control patterns based on measurements of
muscle activity (EMG) of volunteers during impact tests
are needed.

it is possible that the volunteers, who were
exposed to the impacts with an increasing order of
severity, were more tensed during the high severity
impacts because they were more aware and therefore
more trained to reduce the effect of the impact.
Therefore, the volunteer corridors for the low severity
impacts probably represent volunteers who were more
relaxed, or slightly tensed, while the corridors for the
high severity impacts represent more tensed volunteers.
This could explain why a maximum muscle activation
with a reflex delay of 25 ms for a 15¢g frontal impact and
a submaximum activation or a shorter muscle activation
delay for a 3g frontal impact provides good results
compared with the human volunteer corridors.

In all simulations, it can be observed that the
active neck musculature plays a significant role in
reducing head and neck rotation. However, the linear
and angular accelerations are hardly influenced by
muscle activation. This shows that validation of neck
response in a human neck substitute on the basis of
only head acceleration is insufficient.



To simplify the model, gravity was neglected,
but for low severity impacts this will be a large amount of
the acceleration field and, therefore, it should be taken
into account. Thus, a new adaptation of the model is
needed for the low severity impacts in which not only the
muscle activation signal is improved, but the model
should also include the gravitational force requiring an
equilibrium in initial position of the head-neck system.

in the future we will focus on validating and
improving the head-neck model for low severity rear-end
impact conditions, because neck injuries often occur
during these types of car accidents. However, the model
should also be improved for other directions and
severities. Not only muscle activation signals based on
experiments, but also the neck response at segmental
level will be required. Therefore, a study of human
muscle behavior (EMG) and segmental neck kinematics
during impact conditions is strongly recommended.

SUMMARY AND CONCLUSIONS

e The detailed head-neck model by De Jager [6,15]
has been improved by adapting the muscle
geometry, including more muscles, and dividing the
muscles into segments to enable muscle curvature.
The CMN model comprises head and vertebrae,
connected by intervertebral discs, ligaments, facet
joints, and segmented Hill-type muscles.

e The model has been validated for high severity
frontal and lateral impact with and without muscle
activation. Responses with maximum muscle
activation and a reflex time of 256 ms agreed well
with the volunteer responses, especially due to
introducing more realistic muscle lines of action.

e The model has also been verified for frontal impact
at reduced G levels. The modeled muscles improved
the active responses compared with the passive
model. It can be concluded from this study that the
amount of activation and the muscle motoric reflex
delay is very important. Results indicate that a
submaximum activation level or a larger reflex delay
provides better results for the low severity impacts.

e Active muscle behavior seems essential to
accurately describe the human head-neck response
to impacts.
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Figure 6: Response to 15g frontal impact of the CMN model with passive and maximum active muscie behavior compared
with human volunteer response corridors. +x is forward, +z is upward. Accelerations are at the head’s center of gravity.
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Figure 7: Flexion/extension (y-rotation) of the intervertebral joints for the CMN model with passive and maximum acti
muscle behavior for the 15g frontal impact compared with static in vivo ranges of motion [15, 28].
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‘with human volunteer response corridors. +x is forward, +z is upward. Accelerations are at the head’s center of gravity.
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Figure 9: Lateral bending (x-rotation) of the intervertebral joints for the CMN model with passive and maximum actiy
muscle behavior for the 7g lateral impact compared with static in vivo ranges of motion [15, 28].
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,‘ure 12: Response to 8g frontal impact of the CMN model with passive and maximum active muscle behavior compared
‘h human volunteer response corridors. Accelerations are at the head's center of gravity.
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Figure 13: Response to 6g frontal impact of the CMN model with passive and maximum active muscle behavior comg
with human volunteer response corridors. Accelerations are at the head’s center of gravity. '
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Figure 15: Head and neck response to 15g and 3g frontal impact of the CMN model with muscle activation at diffel
levels compared with human volunteer response corridors. Accelerations are at the head’s center of gravity.
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APPENDIX

The muscle model describes the Contractile
Element (CE) and the Parallel Element (PE) of a Hill
model. It describes the tension force F as a function of
its length /, lengthening velocity v, and the active state A.
Passive muscle behavior is modeled similar to the model
of Deng and Goldsmith [2] by a nonlinear force-strain
relation [15]. Active muscle behavior is modeled using
the standard functions provided by MADYMO [21]. The
parameters for the Hill muscle model of the current
head-neck system have been chosen according to
Happee and Thunnissen [19], who extensively studied
the available literature. These parameters and the
general material parameters are included in Table A.2.

Examples of muscle force and normalized
muscle length are plotted against the time in Figure A1
and A2. The resultant forces of the muscles during the
passive simulation are very small and therefore not
shown.

The muscles used are included in Table A.1. To
resemble the anatomy of the human muscles, the
muscles in the model are divided into several elements
[20], while each element is divided into segments so the
muscles can curve around the vertebrae. The
intermediate sliding points are located on the points of
intersection of the muscle line of action in initial position
and the xy-plane of the intermediate vertebrae. The sum
of the physical cross-sectional areas (PCSAs) of the
muscle elements is equal to the human muscle PCSA
according to De Jager [15] and Yamaguchi [30], or
determined from MRI pictures [16].
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Figure A1: Force-time curve of a neck muscle for the
15¢ frontal impact with 100 % muscle activation and
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Table A.1a Flexor muscles in the CMN model.

Flexor muscle® Origin Insertion | PCSA
[em’]
longus colli T Cé 0.12
longus colli T1 Cs 0.12
longus colli T1 C4 0.12
longus colli T1 C3 0.12.
longus colli T1 c2 0.12°
longus colli T1 C1 0.12
| longus colli T Skull 0.12
longus capitis C3 Skull 0.25
longus capitis C4 Skull 0.25
longus capitis C5 Skull 0.25
longus capitis Cé Skull 0.25
scalenus anterior’ T1 c4 0.9
scalenus medius’ T1 C3 1.0
scalenus posterior’ T1 C5 0.9
lumped hyoids' T1 Skull 3.0

¢ modified compared to De Jager model
° not changed compared to De Jager mode!
"new compared to De Jager model



Table A.1b Extensor muscles in the CMN model.

Table A.2 Muscle parameters

| Extensor muscle’ Origin Insertion PCSZI]\ Description Parameter Value or formula
: fcm
| trapezius® T1 Skull 1.8 physiological PCSA [m] see Table A.1
[ stemocleidomastoid® T Skull 3.7 ::::s-semnal
| splenius capitis C7 Skull 1.55
splenius capitis T2 Skull 1.55 maximum o INm] 1E6
splenius cervicis T3 c3 1.05 isometrc stress
splenius cervicis T3 C2 1.05 CE rest lonath prove— —-
— t
splenius cervicis T3 Ct 1.05 ’ leeo (M orstion of muscle
"semispinalis capitis C4 Skull 0.7
semispinalis capitis C5 Skull 0.7 CE maximum V8] 5
semispinalis capitis cé Skull 0.7 {f:;‘ggs“memng
semispinalis capitis c7 Skull 0.7
semispinalis capitis T3 Skull 0.7 maximum
F *
semispinalis cervicis T1 Cc2 0.11 isometric force max (N Omax "POSA
T2 C3 0.22 :
T3 c4 0.33 CE optimum oot [M] 1.2°1
= pt™ ref 0
semispinalis cervicis T4 C5 0.44 :::g::’PE rest ”
semispinalis cervicis T5 Cé 0.55
semispinalis cervicis T6 Cc7 0.66 CE maximum et o o
c3 Skul | 0.083 shortering velocity | e ° ] Vinase " lop = 06
C4 Skuli 0.083
issimus capitis c5 Skull 0.083 S;::::g:y shape Ce,, 1] 05
issimus capitis Ccé Skull 0.083
iss!mps capft!s c7 Skutll 0.083 CE velocity shape ce. 11 005
longissimus capitis T2 Skull 0.083 parameter s
longissimus cervicis T2 c2 0.12 lengthening
longissimus cervicis T2 C3 0.12 roT— —
longissimus cervicis T2 c4 0.12 celative force CEm [ '
7 longissimus cervicis T2 Cs 0.12
longissimus cervicis T2 C6 0.12 CE force-length S ] 0.54
| longissimus cervicis T2 c7 0.12 parameter "
: f Scapula Ct 0.25
levator scapulaef p T A 55
levator scapulae Scapula c2 0.25 FF xm
g:LIevator scapulae’ Scapula C3 0.25 PR max
|| levator scapulae’ Scapula C4 0.25 PE shape PE,, [ 10
¥ - 1 parameter sh
|| muttifidus cervicis C5 c2 0.2 |
EI*multifidus cervicis' C6 c2 0.2 time-constant . [ms] 10
| muttifidus cervicis' Cé C3 0.2 ":czeasing active *
" state
- multifidus cervicis' C7 C3 0.2
_i| multifidus cervicis' c7 C4 0.2 time-constant 7, Ims] 40
5 : . a
| multifidus cervicis' T1 C4 0.2 ;Zi;eas‘“g active
| muttifidus cervicis' T C5 0.2
|| multifidus cervicis' T2 C5 0.2 time-constant <, ms] 45
|| muttifidus cervicis' T2 <3 0.2 ourR} Excitaten
{|.multifidus cervicis T3 C6 0.2
ILmultifidus cervicis' T3 c7 1.0
T4 Cc7 1.2

: ” e
(Lmultifidus cervicis
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