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ABSTRACT

A DUMMY HEAD AND NECK MODEL FOR BOTH FRONTAL
AND REAR IMPACTS

YASIN DEMIRER

Master of Science, Department of Mechanical Engineering
Supervisor: Assist.Prof.Dr. Selcuk Himmetoglu

August 2022, 70 pages

Dummies are calibrated test instruments used to measure human injury potential and
determine dynamic behaviour of anatomical parts of the human in vehicle crashes.
There are seperate dummies available for frontal and rear impacts.The problem is that
rear impact dummies couldn’t be used for frontal ones and vice versa.In this work, a
multi body dummy head-neck model which could be used for rear impacts as well as
frontal impacts was developed. To maintain its posture at rest, static equilibrium
equations were defined on the model. The model was validated using cadaver and

volunteer test data in the literature.
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OZET

ONDEN VE ARKADAN CARPISMALAR iCIN BiR MANKEN
KAFA-BOYUN MODELI

YASIN DEMIRER

Yiiksek Lisans, Makina Miihendisligi Boliimii
Tez Damismani: Dr. Ogr. Uyesi Selcuk Himmetoglu

Agustos 2022, 70 sayfa

Mankenler, ara¢ ¢carpigsmalarinda insan yaralanma potansiyelini 6l¢gmek ve insanin
anatomik boliimlerinin dinamik davranislarini belirlemek i¢in kullanilan kalibre edilmis
test cihazlaridir. Onden ve arkadan garpmalar igin ayr1 mankenler mevcuttur. Sorun su
ki, arkadan ¢arpma mankenleri 6nden ¢arpma testleri i¢in kullanilamaz ve 6nden
carpma mankenleri de arkadan ¢arpma testleri i¢in kullanilamaz. Bu ¢alismada hem
onden carpismalarda hem de arkadan ¢arpigmalarda kullanilabilecek ¢ok cisimli bir
manken kafa-boyun modeli gelistirilmistir. Modelin durusunu hareket etmezken
korumas:1 i¢in model iizerinde statik denge denklemleri tanimlanmistir. Model,

literatiirdeki kadavra ve goniillii test verileri kullanilarak dogrulanmistir.

Anahtar Kelimeler: Arkadan ¢arpma, 6nden ¢arpma, ¢arpigsma test mankeni, ¢oklu

cisim dinamigi
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1.INTRODUCTION

Dummies are callibrated test devices used to measure the potential for human injury in
vehicle crashes. They are produced to simulate human anatomy and biomechanical
behaviour. Design of these instruments should be as simple as possible since they are

used continuously and thereby it is easy to modify if any change or calibration needed.

R\

Figure 1. RID Il dummy(foreground) and HYBRID Il dummy (background) [27]

Figure 2. A Test setup for BIORID 1| DUMMY [27]



1.1 Problem Definition

There are seperate dummies for frontal and rear impacts in crash tests. The problem is

that since we can’t use frontal ones for rear impacts or rear ones for frontal impacts, we

need a dummy that can represent both cases.

Rear-end collision after AEBS actuation

Srtriking Vehicle Stl;uck Vehicle

B

Simufation stort T =-1600ms T=-600ms T=-100ms T=0ms T=200ms
Retractor Braking Headrest Frash Rebound
Pretensioning  pulse peak rotation

Figure 3. A traffic scenario and sequence of events for the occupant[13]

Here is another example of why we need a dummy for both frontal and rear impacts.

In Figure 3. Automatic emergency braking (AEB) system is activated when the red car
approaches the gray automobile after that the green car hits the red one from the rear,
therefore frontal and rear crashes could happen one after another. This is like a rebound
motion for the occupant. Once such cases occur, dummies utilized for only frontal or

rear crashes couldn’t help us to determine the effects of the motion on the human body.



1.2 Head Neck Anatomy

skull

Figure 4. Head/Neck anatomy of human [1]

Human spine is made up of five spine sections. Cervical vertebrae, upper part of the
spine, numbered from C1 through C7, thoracic vertebrae comprising T1 to T12, lumbar
vertebrae(L1-L5), sacrum having five fused vertebrae and coccyx containing four fused

vertebrae. [2]

Cervical spine, which is interest of this work, consists of 7 segments named C1 to C7.
First two elements of this section, i.e, C1 and C2 also known as atlas and axis
respectively, differ from each other. However, lower five vertebrae could be said

roughly same in terms of geometry or shape. [ 2]

Between vertebrae there are soft tissues such as ligaments, intervertebral disks, facet

joints and muscles surrounding them.
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Figure 5. Terms of Head-Neck motion (Adapted from [26])

Fig.5 describes head neck motions. Flexion is the rotating of head neck to the front,
while extension means rotation to the backwards. Flexion and extension occur in

sagittal plane. In lateral move, head-neck is bended to the right or to the left.



2.LITERATURE SURVEY

Dummies could be classified as real dummies, finite element model dummies and multi-

body model dummies.
2.1 Real Dummies

Real dummies are manufactured mechanic instruments used in crash tests. Real

dummies could be summed up as rear impact dummies and frontal impact dummies.

While THOR dummies and HYBRID |11 dummies designed and produced for only
frontal impacts, BIORID-11 dummies named also ATD (Anthropometric Test Device)

used for only rear impact tests.

Figure 6. THOR dummy [24]



2.2 Finite Element Dummy Models

Finite Element Models are more detailed models than other mathematical models. In
these models, hard tissues such as vertebrae, bones and soft tissues such as ligaments
designed as single one or two dimensional elements. While these models are good at
giving elaborated information regarding tissue deformation and injury estimation , they
necessitate many calculations [15] and too much time which is inefficient to make

optimization on the model.

Vertebra

-~ Ligaments

CLs

| ‘ Facet cartilage
\ A Annulus Fibrosus

Figure 7. A finite element head and neck model[16]

There are some finite element models in the literature. Detailed information is given on
the references ([17],[18],[19],[20],[21])



2.3 Multi Body Dummy Models

Multi-Body dummy models can be classified into detailed models and lumped models.
In lumped models all biofidelic behaviour of head- neck is combined at intervertebral
joints. Detailed models are also multi-body models including muscle elements to head

neck spine. More information may be find at these references ([10],[1],[2],[12].[7])

One of the most recent multi body dummy models is that of Huang et al. Based on
Anthropometric Test Device (ATD), in this work, it is designed a head and neck
computer model behaving more human-like by fullfilling S-shape phenomenon which is
the cause the probability of whiplash during rear impacts. Effect of soft tissues during
the motion added as well. The results show that good alignment with volunteer tests
[15]. However, severity of peak accelerations employed to validate the model is
approximately at around 4g, which might not be appropriate for high severe rear
impacts.

Multi-body model of Hoover, J. is another up to date research in the field. It is aimed
that joint positions are located at instantaneous axis of rotations of vertabrae to mimic
biofidelic response of head-neck spine. Lagrangian equations were utilized to obtain
whiplash-like reply for available crash pulse. This model is also a lumped parameter
model in which rotational springs and dampers comprising joints. Researcher makes use
of inverse analysis to obtain linear stiffness and damper parameters using cadaver test
data. Four model is introduced in this study to see how existence or absence of stiffness,
unifrom stiffness and damping effect the responses individually. The model achieved

shows reasonable results with cadaver tests [6]

Being an example of old models, De Jager developed three progressive model. In his
first model, which is known as ‘global model’, a basic model with limited anatomical
characteristics was created. It is composed of a rigid head and a rigid vertebrae attached
by three dimensional viscoelastic elements which describe lumped mechanical

behaviour of soft tissues. In his second model, cervical spine is divided into two parts:

7



upper and lower vertebrae where these parts are designed elaborately. Last model,
which is known as ‘detailed model’, was formed by putting on muscle elements to

previously created model segments. [2]

Among models in the literature, model of VVan Der Horst, a novel form of de Jager’s
detailed model [1], is somewhat different since it is a multi-directional model with
frontal, rear and lateral validation. In his study, frontal and lateral impact test data
simulated with his head-neck model. When it comes to the rear impact, whole human
body was tried to validate although the responses are not good enough to the author [1]

There are some former multi-body models accessible on these references, as well.

([81.[91.[11])



3.MODEL DEVELOPMENT

The multi body model consists of a head named CO, seven neck components C1 to C7

and a body representing torso i.e, T1

Figure 8. Head and Neck Model

Principal moments of Relative
inertia(kg.cm?) Orientation(deg)
Human Multi
Body [Mass(kg) Ixx lyy I Neck Body
Neck

Co 4.6 180 240 221 0 5
C1 0.22 2.2 2.2 4.2 0 -1.2
C2 0.25 2.5 2.5 4.8 0 -3.8

C3 0.24 2.4 2.4 4.6 -5.3 -5.3
C4 0.23 2.3 2.3 4.4 -4.7 -4.7
C5 0.23 2.3 2.3 4.5 -5.2 -5.2
C6 0.24 2.4 2.4 4.7 -5.6 -5.6
C7 0.22 2.2 2.2 4.3 20.8 20.8
T1 - - - - 0 0

Table 1. Initial configuration, geometrical and inertial properties of head and neck

model for 50th percentile male [2]



Neck parts have identical shape and embody the vertebrae C1 to C7. The inertial
properties of each neck segments represent the equivalent mass and moments of inertia
of the vertebra and the surrounding soft tissues. Geometry, initial configuration and

inertial properties of the model designed for the 50th percentile male.

Between vertabrae rotational stiffness and damping coefficients are used. For all

intervertebral joints same stiffness and same damping properties are applied.

cadaver stiffness

400

300 1

2001

100

Torque[Nm]
=)

-100

-200

-300

_400 s s s s
-10 5 0 5 10 15
angle(degree)

Figure 9. Rotational stiffness of intervertabral joints. Adapted from [8]
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Figure 10. EMG signal of SCM muscles in Jari experiments (Taken from [14])

16

damping coefficient variation(Nms/rad)

0 0.05 0.1 0.15 0.2 0.25
time(s)

Figure 11. Damping coefficient variation (Adapted from [14])

Fig. 9 shows a non-linear rotational spring function determined with the help of cadaver
experiments. It is employed on the model. However, this function does not embody

muscle contraction.

11



In fig.10 Electromyography (EMG) signal response of the sternocleidomastoid muscle
(SCM) for volunteers, which is a dominant muscle in JARI (Japanese Automobile
Research Institute) experiments, is displayed. In fig.11 damping coefficient variation is
created inspiring the EMG signal by the researcher [14]. For cadaver experiments since

there is no active muscle response using this function on Fig.11 damping coefficient is

taken 4 Nms/rad.

12



4. CRASH TESTS

Cadavers are dead people used for crash tests to see how they response to impacts. In
cadaver tests they are equipped with accelerometers and special tools not to move just
before the collision. Cadavers are of limited muscle effect and it is a good way to
determine how cervical spine with soft tissues and passive muscles behave. Cadavers
are examined and prepared beforehand to minimize the possible injury during the

impact.

Volunteer tests are conducted to obtain how a live person response to impacts. In these
tests, a volunteer attached accelerometer on its body sit down on a sled moves a
direction to which the crash is applied and a pulse is created deaccelerating of the sled.

There are frontal, rear and lateral impact tests available in the literature.

In this work, a cadaver test data for rear impacts, a volunteer test series for rear impacts
and a volunteer test for frontal impacts are employed. Detailed information will be

given in the validation part.

13



5.MODEL VALIDATION

5.1 Cadaver Tests

Eight cadavers not mummified were exposed to pendulum hits on the back at T1 and at
T6 high severe impacts and low severe impacts having magnitude of 6.6 m/s and 4.4
m/s, respectively. They were 62 years old with a standart deviation of 12, weighed 69
kg with a standart deviation of 17 and their height was 173 cm with a standart deviation
of 6.[5]

A pendulum having 23.4 kg was hanged freely by guide wires accelerated to collision
speeds by a pneumatic system. Each specimen is subjected to a variety of tests: a low
severe impact at T1 and T6 were conducted. Afterwards, high severe impact at T1 were
performed. The cadavers were examined between tests whether they are in good

condition or not.[5]

Figure 12. Tests setup and postures of cadavers before the impacts were performed [5]
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Figure 13 . Head Torso and Ground Frames used to determine orientations and

displacements of torso relative to inertial (ground) frame
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From the cadaver experiments head displacements relative to inertial frame, head to
torso displacements given in the torso frame, and orientations of head relative to inertial
frame and orientation of head with respect to torso frame which is expressed in torso

frame are already available in the literature.

Using kinematic expressions between head torso and ground frames, torso,i.e. T1
vertebra displacements and orientations with respect to ground are obtained at both high

T1 and at low T6 impacts.
H: Head T:Torsoor T1 G:Ground Frame or Inertial Frame

Explanation of vectors and symbols used are given as follows:

I, - Position vector of head cg framewith respect toinertial frame

I;,c . Position vector of Torso(T1) frame with respect toinertial frame

I, : Position vector of headcg frame with respect to Torso(T1) frame

r.,. : Position vector of Torso(T1) frame with respect to inertial frame
(expressed in inertial frame)

y :Rotation angle from inertial frame(F,) to torso frame(F,,)

X : Position of head w.r.t inertial frame in x(G*) direction
(expressed in inertial frame)
Z : Position of head w.r.t inertial frame in z(u'®) direction
(expressed in inertial frame)
X —T :Position of head w.r.t. torso framein x(G") direction
(expressed in torso frame)
Z —T :Position of head w.r.t. torso framein z(G{") direction
(expressed in torso frame)
(X =T), : Initial position of head w.r.t. torso frame in x(i?) direction
(Z-T), : Initial position of head w.r.t. torso frame in z(G{") direction
C® = rotation matrix from inertial frame(F,) to torso(F,) frame
Head frame and inertial frame are coincident at initial time

16



Displacement vector expressions between head, torso and ground frames for both High-

severe T1 impact and Low-severe T6 impact are as follows:

— —

i = tWhr Y =T — Tt

—

—_

rT/G =X Ul(O) +Z Us(O) o [(X_ T+ (X_ T)i)Ul(l) + (Z_ T- (Z_ T)i)Uél)]
in inertial frame we get I, as expressed below

Fe” = X 02 + 202 —COY(X=T+(X-T),)a"
—CNZ-T-(z-T),)u™

(01 _ 4G Uy ~(1/0) _ ~(0) +(0) o3
C™ =e"?, el ' =U;,’cosy—u, siny and

e 0" =Y cosy +u'” siny

e = X0 +Zal” — (U cosy —G{? sin y)(X—=T+(X-T),)
— (¥ cosy + 0¥ siny)(Z-T—(Z2-T),)

EI’/G(O) = [X_ COS?/(X_ T+ (X— T)i) —sin 7/(2_ T- (Z_ T)i)]Ul(O) """
+[Z+siny(X—=T+(X-T),) —cos y(Z- T—(Z-T),)]u”

(X_T)i :(XT)i (Z_T)i :(ZT)i
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5.1.1 Role of Initial Conditions

There is not any information about the initial conditions of cadaver experiments.
Whether the terms (X ). and (Z;); ,which means initial conditions of head cg with

respect to torso, must be included or not included in the equation (1) should be clarified
since our aim is to give the acceleration of torso relative to inertial frame (expressed in
inertial frame) as input on the back at T1 in the model designed in Msc Visual Nastran

4D. Taking first and second derivative of equation (1)

EI'/G(O) =[X +siny y(X;+(X;),) _(XT+(XT)i)COS}/_COSy7}(ZT —(Z:)))
_Sin7(ZT _(ZT)i)]Ulo +[Z +COS7/7}(XT+(XT)i)+(XT+(XT)i)Sin7
+Sin7/7}(ZT _(ZT)i) —COS}/(ZT _(ZT)i)]Uso

(XT)i =0, (ZT)i =0

FT/G(O) =[X +Sin77}(XT+(XT)i)_XTCOS7_COS7/7}(ZT _(ZT)i)
—siny Z. 16" +[Z +cosy 7 (X, + (X;),) + X, siny
+siny 7(Zy —(Z;),) —cosy Z; ]’

I @ =[X +sinyy X, — X cosy —cosyyZ, —siny Z,.]0,° +
[Z +cosyy X+ X siny+sinyyZ, —cosyZ.Ju, +

[siny 7(X:); +cosy 7(Z; )16 +[cos y (X ), —siny 7(Z;); Uy’

FT/G(O) = (FT/G(O))* +[siny y(X;); + COSVﬂzT)i]UlO +
[COS}/?}(XT)i _Sin]/}}(ZT)i]UBO

r-.© —velocity of torso with respect to inertial frame with initial conditions

(F.,c?)" — velocity of torso with respect to inertial frame without initial conditions
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£ ” =[X +(cosy (7) + 7siny) (X + (X)) +siny p(X; +(X;) )+
siny yX; —cosyX; +(siny (7)* —cosy 7 )(Z, - (Z,) ) -
cosy y(Z;—(Z;) ) —cosy y Z,—siny Z, ]G, +
[Z+ (=siny (7)* + 7cosy)(X; +(X;) ) +c0sy p( Xy +(X;) )+
cosy y Xy +siny X; +(cosy (7)* +siny ¥ ) (Z; - (Z;),) +
siny y(Z,—(Z;).)+siny y Z, —cosy Z, ]G]

(XT)i =0, (ZT)i =0

i, =[X +(cosy (7)* +jsiny)(X;) +2siny 7(X;) —cosy X,
+(siny (y)* —cosy #)(Z,) —2cosy y(Z,) —siny 2. ]G,° +
[Z+ (=siny (7)* +7cosy) (X, ) +2cosy (X ) +siny X,
+(cosy () +siny #)(Z,) +2siny y(Z,) —cosy Z. ]G’ +
[(cosy (7)* +7siny)(X;), +(cosy ¥ —siny (7)*(Z; ), 10, +
[(=siny (7)* +7cosy)(X;), = (cosy (7)° +siny 7)(Z;);]U5

i = (1,67) +[(cosy (7)° +7siny)(X;); + (cosy 7 —siny (¥)*(Z, ); 16,
+[(=siny (7)* + 7cosy)(X; ), — (cosy (y)* +siny 7 )(Z);14,’

i.” — acceleration of torso with respect to inertial frame
with initial conditions
(i, ”)" — acceleration of torsowith respect to inertial frame

without initial conditions
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As seen on above, initial displacements of head frame with respect to torso frame
changes the acceleration input values. Therefore, initial displacements are included in
the calculations and indicated on figure 14 . For simplicity, initial orientations of head
frame, torso frame and initial frame taken same as zero with horizontal.

Figure 14. Initial displacements between head center of gravity and torso center of

gravity of the head and neck model
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Using matlab and data from literature on average cadavers and employing equation (1)

we get torso experimental orientations data and experimental displacements data

relative to inertial frame.

As for obtaining smoothed data (red dashed), first SAE J211 filter, which is a standart
of Society of Automobile Engineers, applied on previously calculated experimental
acceleration input values. Afterwards, taking numerical integration two times we can

get the smoothed orientations data and smoothed displacements data.

t1-rotation wrt ground(high t1)

experimental data
— — — -smoothed data

t1 rotation(deg)

-14

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
time(s)

Figure 15. Experimental data obtained and smoothed data for orientation of torso

relative to inertial frame on back high severe impact at T1
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t1-x disp wrt ground(high t1)
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Figure 16. Experimental data obtained and smoothed data for displacement of torso

relative to inertial frame in x direction on back high severe impact at T1

t1-z disp wrt ground(high t1
0.188 . . PI g .{ g .)

experimental data
— — — -smoothed data
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0.178

0176 |

z displacement{m}

0.174

0.172

017 1

0.168 . . . . ' .
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

time(s)

Figure 17. Experimental data obtained and smoothed data for displacement of torso

relative to inertial frame in z direction on back high severe impact at T1
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t1-rotation wrt ground(low t6)

T

experimental data
— — — -smoothed data

t1 rotation(deg)

VA

6 . \ . . \
0 0.02 0.04 0.06 0.08 0.1 0.12

time(s)

Figure 18. Experimental data obtained and smoothed data for orientation of torso

relative to inertial frame on back low severe impact at T6

t1-x disp wrt ground(low t6)
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—»/
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time(s)

Figure 19. Experimental data obtained and smoothed data for displacement of torso

relative to inertial frame in x direction on back low severe impact at T6
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Figure 20. Experimental data obtained and smoothed data for displacement of torso

relative to inertial frame in z direction on back low severe impact at T6
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5.1.2 Head and Neck Model Responses with Cadaver Data (High severe impact on
back at T1)

Smoothed acceleration values for high severe impact on back at T1 and low severe
Impact at T6 are given to the T1 on the head and neck model designed in Msc Visual
Nastran 4D as input. Results obtained are compared with cadaver response corridor of
the tests.

w;©

w®

Figure 21. Frames used on the head and neck model

t=0ms

Figure 22. Time history of head neck model simulation with high severe impact on
back at T1
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Figure 23. Orientation of head relative to inertial frame (expressed in inertial frame)

on back high severe impact at T1

T1High Head-Torso Rotation

T T

~
o

D
o

Head-Torso Rotation(deg)
w B (4}
o o o

N
(=]

—_
o
T

o
\

I I I L L

0 10 20 30 40 50 60 70 80
Time(ms)

Figure 24. Orientation of Head with respect to Torso (expressed in torso frame) on
back high severe impact at T1
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T1 High X Displacement
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Head X Displacement(mm)

50

0 2 1 e 7, N I I 1 1
0 10 20 30 40 50 60 70 80

Time(ms)

Figure 25. Head Displacement with respect to ground in x direction (expressed in
ground frame) on back high severe impact at T1

T1 High Head-Torso X-Displacement
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Figure 26. Head Displacement with respect to torso in x direction (expressed in torso

frame) on back high severe impact at T1
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T1 High Z Displacement
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Head Z Displacement(mm)

-20 1
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Figure 27. Head Displacement with respect to ground in z direction (expressed in

ground frame) on back high severe impact at T1

T1 High Head-Torso Z-Displacement

lln’—\
60 | / R 1

50

40

30t

201

10T

: _

Head-Torso Z-Displacement(mm)

-30 | el |

Figure 28. Head Displacement with respect to torso in z direction (expressed in torso
frame) on back high severe impact at T1
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5.1.3 Head and Neck Model Responses with Cadaver Data (Low severe impact on
back at T6)

Figure 29. Time history of head neck model simulation with low severe impact on back
at T6

T6 low Head-Rotation
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Figure 30. Orientation of head relative to inertial frame (expressed in inertial frame)
on back low severe impact at T6
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T6 low Head-Torso Rotation
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Figure 31. Orientation of head with respect to torso (expressed in torso frame) on back

low severe impact at T6
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Figure 32. Head Displacement with respect to ground in x direction (expressed in

ground frame) on back low severe impact at T6
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T6 low Head-Torso X Displacement
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Figure 33. Head Displacement with respect to Torso in x direction (expressed in torso

frame) on back low severe impact at T6
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Figure 34. Head Displacement with respect to ground in z direction (expressed in

ground frame) on back low severe impact at T6
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T6 low Head-Torso Z Displacement

50 r —_—
40
30

20 t

10 | ¥
Time(ms)

0 -':"--- L I L 1 L
s 2 40 60 80 100 120

-10

Head-Torso Z Displacement(mm)

-20 1

=30 F

Figure 35. Head Displacement with respect to Torso in z direction (expressed in torso

frame) on back low severe impact at T6

As seen in the figures head and neck model results are in good alignment with cadaver
corridors.In two simulations while head rotates counterclokwise and torso(t1) rotates
clockwise head torso rotations turn out more than head rotations.Furthermore, head
rotations, head torso rotations and displacements in high severe impact at T1 are in
general higher than those of in low severe impact at T6 since the reason is probably the
impact speed which cause torso to move forward a bit more and head to rotate
backwards further
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5.2 HEAD NECK MODEL STATIC EQUILIBRIUM FORMULATION FOR
MUSCLE TONE

Muscle tone is described as the constant and passive contraction of muscles at rest,
which ensures static balance and maintains human body posture.[23]

C Yy
AW
C‘. ) (2) World Coordinate System
2
cg\(3) ]‘“\ T\
O L 5 i
c4[(4> ’ ~
“fts cils b
%) o J
of (6)
S
Ok
leo »> DATUM

Figure 36. Head Neck spine schematic view with resistive torques and static torques

on adjacent body i and body j
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C. : center of massof bodyi

. . T, :static torqueapplied on bodyi
b; : height of neck segment j !

T. :resistive torqueapplied on body
C, :center of massof T1 '

OC :occipital condyle

‘OCCO‘: r

(torsional springs)

Figure 37. Inertial frame, body frame (on up right corner) and vector expressions on

body i between rotation centers
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I : vector joining rotation centers on body i ﬁ =T

Bioi =0, Ei—Ai.Zéi’ BiEi =b, OC, =CT-

Position of C. withrespecttoO is OC, =00, + O.C.

—

p+d =b/2 = OC =d =b/2-p, where p, = pi and b, =bu"

[ | 1
& =ed" d =d, i +d,u” we have also p, +F =h + & =

ai = (b /2)6:?) - piaz(i) - CTi(i) =—p0, + (b / 2)U; =d;,T, +d,,0;

7 _hit) 7)) =) ) _ T T o_r T T
i biu3 +eiu2 - piu2 = ri - (ei - pi)uz +biu3 - rizuz +ri3u3

OC, =00, +0C, =00, +d,  expressing in world coordinate system

O_Ci(W) _ @(W)

+dw
d®W =Ctd® =e% (d.T, +d,0,) = d.,(@,cos 6 +T,sin6,) +d.,(T,cos 6, —T,sin6,)
d" =0,(d,,cosd —d.,sing) +,(d,,sing +d.,,cosd)

r® = CIED = e FD = (r,c086, — 1, SiNG,) + T, (1, Sin 6§, +1,,c086))

Body 8: OC, = (b,/2)u®, OC," = e% (b,/ 2), = (b,/ 2)(T, cos 6, — T, sin @) = F™
U, : Potential energy of bodyi (i=0,1,2...8)

U, =myg(b,/ 2) cosé,
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Body7:0C, =00, +0,C, =0C, +d, =0C, " =0C,"” +d,™

U, =m,g[(bs/2)cosé, +(d,,sinb, +d,,cosé,)]

Body6 : OC, =00, +O,C =, +T, +d,

U, =m,g[(bs/ 2)cosé, +(r,,sin &, +1,,c0sb,) + (d, Sin 6, + d, cos ;)]

Body5 : OC, =00, +O.C. =, +F, +F, +d,

U, =m.g[(by/ 2)cosé, + (r,,SiN b, +r,,c0s6,) + (I, Sin &, + 1, COS B, )
+(d, sing; +d, cosé;)]

Body4 :0C, =00, +0,C,=F,+F, +T, +F +d,

U, =m,g[(bs/ 2)cosé, +(r,,sin &, +1,,c0sb,) + (s, Sin &, + r,, COS ;) +
(r,,sin g, +r;cosé,) +(d,,sing, +d,,cosb,)]

Body 3: OC, =00, +0,C,=F,+F, +F, + . +T, +d,

U, =m,g[(by/ 2)cos g, +(r,,Sin &, +r,,c0s8,) + (s, Sin 6, + I, COS G;,) +
(r;,sin G, +r;cosé,) +(r,,sin 6, +r,,cos6,) +(d,, sin 6, + d,, cos 6;)]

Body 2: OC,=00,+0,C,=+F, +F, + L+, +F, +d,
U, =m,g[(by/ 2)cos g, +(r,,sin &, +1,,c086,) + (s, Sin 6, + r,, COS ;) +

(r,sing; +r,cosé,) +(r,,sin6, +r,,cos6,) + (r,,Sin 6, + r,,C0S 6;) +
(d,,sing, +d,, cosé,)]
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Body1l: OC, =00, +0OC,=G+G++ 1+, + 1+, +d,

U, =mg[(by/ 2)cosé, + (r,,Sin b, +r,,c086,) +(r,, Sin 6, + r,, COS ;) +
(r,sinég; +r, cosé,) + (r,,Sin 6, +r,,c086,) + (r,, SiN 6, + r,;C0S6,) +
(r,,siné, +r,,cos6b,) +(d,,sing, +d,, cosb,)]

8
Body O: OCO:F8+F7+F6+F5+F4+F3+r2+rl+rO:Zrk
k=0

U, =m,g[(by/ 2)cosé, +(r,,Sin 6, +r,,c086,) + (ry, Sin 6 + r, COS ;) +
(r,sing; +r; cosé,) + (r,,sin G, +r,,c086,) + (r,, Sin G, + 1, C0S ;) +
(r,,Sin @, +r,,c086,) +(r,Sin G, + 1, €0SE,) + 1,sin G, ]

8
Total potential energy of bodies : U =2Ui,

k=0

ouU
6_490 =m,gr,cosé, =U,

Z_LQJ =My (r12 COs ‘91 — I3 sin ‘91) +Mmg (d12 COs 01 o d13 sin ‘91) - Ud1
1

2—: - g(mo + ml)(r22 00892 - r23Sin 92) + ng(dzz COSHZ _dZSSinQZ) :Udz
2

oU

—=g(m, +m, + m,)(r,, cosé, —r,,sinb,) + m,g(d,, cos@, —d,,sin ;) :Ud3

00,

37



 _ g(my, +m, + m,+m,)(r,,cosé, —r,sinb,) +

00,
m,g(d,, cosg, —d,;sin6,) =U,
oU :
- g(m, + m, +m,+m,+m,)(r, cosé, —r,;sin6,) +
5
Msg(ds, COS6; —dgSin ) =U ;.
oU :
20 =g(m, +m, +m,+m,+m,+m;)(r, cosb, —r,sin6,) +
6
Mg (dg, COSGs —dg;sin ;) =V,
oJ .
0 =g(m, +m, +m,+m;+m,+m,+m,)(r,, Cosé, —r,siné,) +
7
m,g(d,, cosé, —d,;sin6,) =U,
oU :
20 g(m, +m, +m,+m,+m,+m,+mg+m, + my)(by/ 2)(—sin G,)
8
8
= g(z mk)(bS/ 2)(_Sin‘98) :Ud8
k=0
e =0, p, =0.00231 m

e, =-0.00175m, p,=0.00173m
e, =—0.00144 m, p,=0.00142 m
e, =—0.00145m, p, =0.00142 m
e, =—0.00136 m, p, =0.00134 m
e, =—0.00135m, p, =0.00133m
e, =-0.00141m, p, =0.00140 m
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Lagrange equations for staticequilibrium: a—U =Q,
Oy

U : Potential Energy Q, : External Moments

Generalized Coordinates
q=106,.6.6,.6,0,.,6,,6,,0,,6,] oW :totalvirtual work

OW =T.566, + (Tg; +T,7)(08; = 56) + (Tee +T,6)(96; —66;) +
(TSS +Tr5)(505 - 596) + (Ts4 +Tr4)(5‘94 o 595) + (Ts3 +Tr3)(503 - 5‘94) +
(Too +T:2)(60, = 66,) + (T, +T,,)(66, = 56,) + (Tyo +T,0)(66, — 66,)

8
oW =>"Q,56,
k=0

Q=T+ T, o =U,
Q=—(T,+T.)+(T,+T.,) =U,
Q,=—(T,+T.)+(T,+T,) =U,
Q,=- T52+Tr2)+(T53+Tr3)=Ud3
Q=—(Tu+T,3)+ (T, +T,,)=U,
Qs =—(T, +T) + (T +Ti5) =Uy
Qi =—(T+T)+(T+T)= U T56:Ud6+(I'55+Tr5)—Tr6
Q,=—(Tee+T)+ (T, +T,;) :Ud7 T, :Ud7 + (T +T6) =T,y
Qe =—(T,, +Tr7)+T58:UOI8 — T8:Ud8+(TS7+Tr7)

S

TsO:UdO T

Ta=U, + (Moo +Tr0) =T
T, = Ud2 + (Tsl +T,)-T,
Ta=U, + (T +T2) —Tis
T, =Uy +(T+T,) T,
T =Uy + (T, +T,)—Tps

¢¢¢¢¢¢¢¢
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Masses and geometric propertiesof segments are as follows:

m, =4.6kg, m, =0.22kg, m, =0.25kg, m, =0.24kg, m, =0.23kg,
m, =0.23kg, m; =0.24 kg, m, =0.22kg, m; =1.0235kg

r,=59.61 mm, b, =17.4mm, b, =18.23mm,
b,=b, =b, =b, =b, =b, =17.4mm, by =16.6 mm

Neck segments have their centre of masses at their geometric
centres

The arc roughly divides the neck parts in half.

Lagrange equations and parameters were defined in Msc Visual Nastran 4D to evaluate

virtual motor torques to balance the head and neck model and simulations were

performed.

Figure 38. Head and Neck model with muscle tone balanced at different orientations of

T1
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C0/C1 C1/C2 C2/C3 C3/C4 (deq) vs. time (s)
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0.0005
0.0004 -+
0.0003
0.0002

0.0001

0 T T T T T T
0 0.05 0.1 015 0.2 0.25 0.3

Figure 39. Relative angles(degree) between adjacent bodies (C0-C1, C1-C2, C2-C3,C3-
C4) with respect to initial position when simulation run with an orientation

of T1 6=35° and muscle tone integrated into the model

C4/C5 C5/CE C/C7 C7/T1 [deqg) vs. time (s)
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Figure 40. Relative angles(degree) between adjacent bodies (C4-C5, C5-C6,C6-C7,C7-
T1) with respect to initial position when simulation run with an orientation

of T1 6=35° and muscle tone integrated into the model
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As seen in Fig. 39 and Fig.40 with a 35° orientation of t1 head neck model relative
angles between vertebrae are very small amount with a maximum 10 degree of error
which is actually the numerical error software package do solving differential equations.

Therefore, the head and neck model is able to maintain its posture.

5.3 Rear Impact Volunteer Tests

An equipment in which the sled is sloped 10 degree from horizontal is seen
schematically in Fig. 41. A rigid seat with a seatback angled 20 degrees from vertical
was attached to a sled, which was positioned on 4m incline rails slanted 10 degrees
from the horizontal line. There was no head rest and safety belt for the rigid seat. By
releasing the sled from the top of the rails, the rear-end collision was produced. To slow

the sled, a hydraulic damper was installed on the rear rails.[3]

2 Haadrlg

~ Sled coordimate system
T o \l,éHeadAccelernmeters )(y TO
Accelarometer §| l_> 0
Handle
" Zg
L]
10° 5

— 7

=

Figure 41. Sled test apparatus for volunteer rear impact. Adapted from([4],[3])
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ID Age(year) | Height(cm) | Weight(kg)
Male 1 22 175 73
Male 2 23 174 71
Male 3 34 176 72
Male 4 25 181 79
Male 5 24 173 65
Male 6 23 178 73
Male 7 33 174 66
Male 8 24 174 71
Male 9 25 176 79
Male 10 22 174 70
Male 11 21 171 69
Male 12 22 172 61

Table 2. Age, Height and Weight details of volunteers in the rear impact tests[3]

12 male volunteers participated in these test series. Their age, height and weight are
given in the Table 2. They were asked not to be tense just before the impact. Female
volunteers also take part in. However, since the model created embodies 50th percentile

male, female responses are out of interest.

To get the head c.g. acceleration, two biaxial accelerometers were installed on the head
rig indicated as a green bar in Fig.41. It was connected to the forehead and mouth
through a mouthpiece [25]. To measure T1 acceleration, an accelerometer was put on

the back surface of T1 vertebra.

Some target markers are mounted to the head and T1 vertebra for video tracking to

measure displacements and accelerations of associated bodies.

The sled hit the hydraulic damper with a velocity of 1.722 m/s in negative X direction
which resulted in a highest velocity of 0.527 m/s in positive x direction. Peak

acceleration of the sled measured 27m/s2. [25]

43



30 1
25| K 05 [ —
o f) . ’f
w ] Y\ ,-f
ga2or \ % 0 7
= ’ \ £
S £ Y oy '
2151 \ 205 ‘
© ; \ = rd
o I S K} P
g 10 | \ S 7/
Lt II \\ f’
504 * 1.5¢
) A -
0 ‘ 1 | ! \\._ — 2 L L . .
0 0.05 0.1 0.15 0.2 0.25 “0 0.05 0.1 0.15 0.2 0.25
Time [s] Time [s]

Figure 42. Total Acceleration and velocity of the sled in the rear impact volunteer tests

(Taken from [25])
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Figure 43. T1 mean x acceleration with one standart deviation in the rear impact

volunteer tests [25]
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Figure 44. T1 mean z acceleration with one standart deviation in the rear impact

volunteer tests [25]
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Figure 45. T1 mean angular acceleration in the rear impact volunteer tests [25]
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Figure 46. Torques versus angle function used on the model for stiffness values

between intervertebral joints for rear impact volunteer data simulation
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Figure 47. Damping coefficient variation used on the model between intervertebral

joints for rear impact volunteer data simulation
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5.3.1 Head and Neck Model Responses with Rear Impact Volunteer Test Data

Mean acceleration values indicated on fig.43, fig.44 and fig. 45 for the rear impact
volunteer tests are given on the back at T1 as input on the model having muscle tone.
Time history of head and neck model is given below with rear impact volunteer test
data. Responses are indicated with green dashed line compared with rear impact

volunteer corridors from fig.49 through fig.57.

t=0ms t=50 ms =100 ms t=150 ms t=200 ms =250 ms sled

Figure 48. Time history of head neck model simulation with muscle tone using rear

impact volunteer test data
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Figure 49. Head CG Displacement relative to sled in X direction expressed in sled

coordinate system
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Figure 50. Head CG Displacement relative to sled in Z direction expressed in sled

coordinate system
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Figure 52. Head CG acceleration in Z direction
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Figure 53. Torso(T1) Displacement relative to sled in X direction expressed in sled

coordinate system
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Figure 54. Torso(T1) Displacement relative to sled in Z direction expressed in sled

coordinate system
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Figure 55. Head rotation relative to sled expressed in sled coordinate system
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Figure 56. Torso(T1) rotation relative to sled expressed in sled coordinate system
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Figure 57. Head rotation with respect to T1(Torso) expressed in Torso Frame

While blue corridors show male volunteer response corridors and dark blue line is
average male volunteer response, pink corridors display female response corridors and

red line is average female volunteer response.

Responses of the model are in good agreement with male volunteer corridors as one can

See.
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5.4 Frontal Impact Volunteer Tests

Five volunteers seated on a rigid seat were subjected to a crash pulse with a peak sled
acceleration of 15g in the experiments. The seat was attached on a accelerator named
HYGE. Average mass, average height of volunteers and peak crash pulse are given on
table 3. Not only frontal tests were performed on the volunteers but also lateral impacts
with a peak 7g sled acceleration were conducted in Naval Biodynamics Laboratory

(NBLD). [1]

Figure 58. Setup for the frontal impact volunteer tests(taken from[1]) and

coordinate system used for head and T1[22]

Parameter Value
Total number of volunteers 5
Total number of tests 9
Average mass 68.6 kg
Average height 1.69 m
Max crash pulse 15¢g

Table 3. Frontal impact volunteer test information.[1]
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Mean acceleration of T1 in x direction and mean angular acceleration of T1 for the
motion are given on the fig 59. And fig.60

t1 acceleration in x direction frontal impact

300
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-100
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Figure 59. Mean acceleration of T1 in x direction

«10% t1 angular acceleration frontal impact

t1 angular acceleration(deglsz)

0 0.05 0.1 0.15 0.2 0.25
time(s)

Figure 60. Mean angular acceleration of T1

54



The mean acceleration of T1 in z direction is negligible in the experiment.[1] Therefore,
there is no acceleration input on front at T1 in z direction.

frontal impact stiffness
400 T . .
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Figure 61. Torques versus angle function used on the model for stiffness values

between intervertebral joints for frontal impact volunteer data simulation
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Figure 62. Damping coefficient variation used on the model between intervertebral

joints for frontal impact volunteer data simulation
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5.4.1 Head and Neck Model Responses with Frontal Impact VVolunteer Test Data

T1 Acceleration values of average response on fig.59 and on fig.60 for the volunteers
are given as input on the front at T1 on the head and neck model having muscle tone.
Results with volunteer corridors are compared with multi-body model of VVan der Horst

with active muscles and passive muscles seperately included as following.

t=0ms t=50 ms t=100 ms t=150 ms =200 ms t=250 ms

Figure 63. Time history of head and neck model with muscle tone using frontal impact

volunteer test data
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Figure 64. Orientation of head with respect to torso compared with volunteers corridor
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Figure 65. Orientation of head with respect to torso compared with volunteers corridor
Model of VVan Der Horst (Adapted From [1])
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Figure 66. Displacement of Occipital Condyles (OC) with respect to torso in x direction

(expressed in torso frame) compared with volunteers corridor
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Figure 67. Displacement of Occipital Condyles (OC) with respect to torso in x direction
(expressed in torso frame) compared with volunteers corridor Model of Van
Der Horst (Adapted From [1])
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Figure 68. Displacement of Head cg with respect to torso in x direction (expressed in

torso frame) compared with volunteers corridor
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Figure 69. Displacement of Head cg with respect to torso in x direction (expressed in

torso frame) compared with volunteers corridor Model of VVan Der Horst
(Adapted From [1])
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Figure 70. Displacement of Occipital Condyles (OC) with respect to torso in z direction

(expressed in torso frame) compared with volunteers corridor
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Figure 71. Displacement of Occipital Condyles (OC) with respect to torso in z direction
(expressed in torso frame) compared with volunteers corridor Model of Van
Der Horst (Adapted From [1])
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Figure 72. Displacement of Head cg with respect to torso in z direction (expressed in

torso frame) compared with volunteers corridor
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Figure 73. Displacement of Head cg with respect to torso in z direction (expressed in
torso frame) compared with volunteers corridor Model of VVan Der Horst
(Adapted From [1])

300 NBDL 15g frontal corridor

head-neck model

N
S
)

—_
S
2

0.._-—__

| |

N -
S (=)
S S

Head CG x linacc wrt sled [m/: 2 ]
&
(=)
S

|
S
S
(=)

0.1 _ 0.2 0.3
Time [s]

Figure 74. Head cg acceleration relative to sled in x direction compared with volunteers

corridor
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Figure 75. Head cg acceleration relative to sled in x direction compared with volunteers
corridor Model of VVan Der Horst (Adapted From [1])
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Figure 76. Head cg acceleration relative to sled in z direction compared with volunteers
corridor
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Figure 77. Head cg acceleration relative to sled in z direction compared with volunteers
corridor Model of Van Der Horst (Adapted From [1])
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Figure 78. Head angular acceleration relative to inertial frame compared with

volunteers corridor
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Figure 79. Head angular acceleration relative to inertial frame compared with

volunteers corridor Model of VVan Der Horst (Adapted From [1])

As seen on figures head and neck model are in good agreement with response corridors.
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6. CONCLUSION AND DISCUSSION

This work aims a head and neck model to be used for both frontal and rear impacts. The
model gives plausible responses comparing with cadaver rear impact tests as well as
with volunteer rear impact tests and with volunteer frontal impact tests available in the
literature.

There might be some source errors as given below which could alter the responses of
the head and neck model:

When cadaver data is employed, average response is chosen instead of single ones since
initial parts of cadaver response graphs i.e, 0 ms to 10-20ms, are hard to differentiate
one from another. Small changes at the beginning of the simulations could give rise to
big alteration of the motion response. Even if the data taken is correct, average cadaver
responses do not represent individual ones. Fig. 80 is given as an example of this source

error.

Figure 80. Individual cadaver responses of head center of gravity displacement in x
direction low severe impact at T6 [5]
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There is not enough information regarding initial orientation and initial displacements in
the tests. Although initial orientation is taken same as in this work, it is possible that
there was some minor difference betwen head orientation and torso orientation as just
before the impact, shoulders of cadavers were hanged by wires for support and the head
was kept in place by tiny pieces of tape [5]. Once pendulum hits on the back of the
specimen, that tape strips properly leave on time is crucial for a healthy experiment and
this might be difficult.

It should be noted that this is a dummy model. Even though cadavers are not live
people, their spine was protected as possible as on the experiments. Therefore head neck
response of cadavers behave as head-neck of a live person without active muscle. Since

dummies are of basic designs there might be minor errors comparing with cadavers

It should also be considered that geometry of dummy vertebrae are simplier version of
real vertebrae. Between real vertebrae there are not only rotational stiffness and
damping in the motion of head-neck spine but also there are translational stiffness and
damping, as well even though it has small amount of effect in the motion.

On frontal impact responses, Oc displacement with respect to torso in z direction
deviates more than the others. Since there is no acceleration input in z direction on t1,

this might have changed the response
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