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1.0 INTRODUCTION

With the advent of high-speed air and land transportation, engineers have
become increasingly aware of the mechanical frangibility of the human body.
Thus we have seen the evolution of various isolating and load-distributing
devices ranging from seat belts and padded sun visors to ejection seats,
crash helmets, and acceleration couches. While there is a large amount of
information available regarding the response of inanimate systems to vibration
and impact, there is a comparable dearth of knowledge pertaining to the
mechanical response of biological systems. Therefore, the design of much
supporting and protective equipment is often based on intuition because of
the Tack of available information about the mechanical behavior of the human
body. In addition, such knowledge would be helpful in the treatment of
injury by serving to identify the mechanism of trauma. Thus, both a rational
design procedure for impact protection and a rational therapy for treatment
of trauma cannot be developed until a quantitive description of the mechanical
responses of the human body is obtained.

Significant progress in human tolerance research in the past has been
impeded by the lack of suitable experimental subjects. Various models of
man have been used to study his response to external forces and to document
his limitations. These have included various species of subhuman primates
ranging from the squirrel monkey to the chimpanzee, bears, embalmed human
cadavers, and human volunteers. The limitations of each choice of test
subject have become apparent, particularly after the resulting experimental
data have been applied to the 1iving human in a crash environment.

In this program it was proposed to use unembalmed human cadavers to study
head and Teg tolerance to direct impact. The following specific tasks were

set to be accomplished in the program:



(1) Determine the relationship between impacts of varying intensity and
injury for blows applied to the head. Blows will be directed at the
front, rear, and oblique sites to determine the dependence of injury
on impact direction.

(2) Determine the effective dynamic moments of inertia in torsion for
the three principal axes.

(3) Conduct head impacts in a torsjon-only mode to relate head injury to
impact intensity.

(4) Determine the human tolerance of the patella and femur system for
impacts in the long axis of the femur. Determine the tolerance of
the femur to lateral impact.

(5) Determine the tolerance of the tibia and fibula to impact applied
normal to the lower leg from the front and side.

This is a final report on the first year of a two-year project. The
thrust of the first year was on the development of the test procedures to be
used in the completion of the project in the second year.

Due to the large number of tests proposed in this study, it became
obvious that a revision of old test procedures would have to be undertaken.
It was decided for maximum efficiency that as many tests as possible should
be run on the same cadaver. To implement this decision, all of the test
procedures and fixtures were redesigned and constructed. This revision makes
it possible to bring in a cadaver and perform tasks 1 through 5 in a 24-hour
period. This means that better cadaver material can be used in these tests.
The following is a detailed description of the test fixtures and some proce-

dures that are to be used in the second year.



A unique feature of the program is the use of sufficient instrumenta-
tion to determine the three-dimensional motion of the head both during impact
and in the motion that follows. In order to accomplish this, many special
techniques had to be developed, and the appropriate test fixtures had to
be designed and built. The details of these techniques and fixtures are
found in the Appendices of this report. The advantage of such complete
instrumentation is that the data on head motion produced in each test can
be reduced to give the linear and angular accelerations of any point within
tne head and can be recalculated at a different point at a later date if
so desired. Thus, the data produced in the program will be of use to future
studies without the usual restriction of limited data (such as triaxial
linear accelerations only at a specific point) that past studies have
produced.

2.0 METHOD
2.1 Task I

The specimens used in this study are fresh, unembalmed cadavers ob-
tained from the Anatomy Department of the University of Michigan Medical
Scnool. They are stored at 37° F for two of the threc days between time of
death and impact. The cadavers are transported to HSRI and allowed to
reach room temperature before testing. This ensures that the effects of
rigor mortis have disappeared and the blood is again fluid.

2.1.1 A-P Impacts

The axis of the impactor is in the mid-sagittal plane and is normal to
the surface of the skull at the point of initial impact. The cadaver is
positioned so that the inferior aspect of the six-inch diameter impactor
is adjacent to the glabella and therefore no part of the impactor comes in

contact with the subject's nose. The point of impact is located three



inches superior to the glabella in the mid-sagittal plane, or at the back
of the occipitalbone. Tnis allows the impactor to contact the forehead
in such a way as to load upon as large and flat a surface as possible.

The targets used for photographic analysis are in a plane extending
in the L-R direction, common to the axis of impact. They are located two
inches anterior and one inch posterior to the intersection of a line per-
pendicular to the axis of impact passing through the external acoustic
meatus, with the above described plane. A1l targets are mounted on small
wood screws, which are then driven into the skull (Figure la). The Class
1000 frequency response values for filtering were used for all head accelera-
tion, as recommended by SAE Standard J211.

The accelerometer configuration attached to the head is that of three
biaxial accelerometers Tocated according to the analysis given in Appendix A
This array allows the complete determination of the three dimensional motion
of the head as outlined in the flow chart shown in Figure 2.

After being targeted, x-rayed, and equipped with accelerometers as
detailed in Appendix A, the cadaver is placed in a chair specially designed
and constructed for this impact study (See Appendix B). A1l surfaces
against which the cadaver might come in contact in its post-impact
movements are thickly padded with styrofoam to prevent damage to the cadaver.
A special foam apparatus is employed to absorb the energy of the head and
to protect the accelerometers from damage.

The cadaver is carefully positioned so that its head is in the correct
position relative to the impactor and at the same time the whole cadaver
acts as a free body.

The head is suspended and held in place by four strands of 000 thickness

surgical thread. This thread supports only the weight of the head, and




breaks easily on impact. The impacts were carried out in the HSRI Impact
Facility.

Two kinds of impacting surfaces are used. The first surface is a six-
inch diameter rigid metal disc. The second surface consists of the same
metal disc with three inches of polystyrene foam (density = 1.78 1b/ft3),
fixed to the contacting surface of the disc to pad the impact.

Pre-impact travel of the impact piston is 1.5 inches for both padded
and unpadded impactors. The post-impact travel is five inches for the
padded impactors and three inches for the unpadded impactors. At the end of
this travel, its motion is arrested mechanically and the cadaver head and
torso continue their motion unimpeded.

2.1.2 L-R Impacts

The point of impact is the left temporal region, two inches superior
to the external acoustic meatus. The photographic targets for L-R head
impacts are located on the supra-orbital ridge, two inches on either side
of the glabella (i.e., two inches either side of the mid-sagittal plane).
The Tocation of the targeting for side impacts is shown in Figure 1b.

AT1 other conditions for side impact are the same as indicated in Section

2.1.1.

2.2 Task 2 - Determination of the Effective Moment of Inertia of the Head
of Intact Cadavers

The following test procedure has been developed for the estimation of
the effective moment of inertia of the head of intact cadavers. Since
intact cadavers will be used, the effective moment of inertia will be
measured along an axis passing through the center of gravity of the head. The

term "effective" is used since the measurements will be influenced by the head

torso linkage.
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2.2.1 Anthropometric Measurements and Location of C.G. of the Head

Fresh unembalmed cadavers obtained from the Anatomy Department of
The University of Michigan Medical School will be used in the study.

Usually the cadavers are stored at 37° F from one to seven days before the
test is carried out. The specimens will be allowed to reach room temperature
before any tests are carried out.

The coordinate system to be used is indicated in Figure 3. The origin
is at the mid point of a line connecting the superior edges of the right and
Teft auditory meati (1).* The +X axis is from the origin to the midpoint
of a line connecting the infraorbital notches in the anatomical plane. The
following anthropometric measurements will be made of each specimen (See
Figure 4).

1. Head Length: Maximum length of the head between the glabella
Tandmark and the occiput (mid-sagittal plane).

2. Head Breadth: Maximum horizontal breadth above the level of
the ears.

3. Tragion to Vertex Height.

4. Circumference: Above the brow ridges and parallel to the Frank-
fort plane.

5. Effective Weight.

When the center of gravity locations are expressed in the head anatomical
coordinate system, it is seen that they do not vary a great deal (1). For
purposes of standardization, we will assume the location of C.G. to be as
follows:

X=+1.1cm

Z=+2.1cm

* Numbers in parentheses denote references at the end of the text.
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H= Head anatomical co-ordinate system

C.G.= Center of gravity of head
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2.2.2 Location of Rotational Axes in the A-P, L-R, and S-I Directions
with Origin at C.G.

A special axis-location device (Figure 5) has been designed which will
be used to locate points on the surface of the head through which the axes
of rotation will pass if the head is rotated in the XY, XZ, and YZ planes
with the C.G. as the origin. This device will be placed so that the hole
0 is over the superior edges of the auditory meati and EF along the infra-
orbital notches. The point G is 1.1 cm and 2.1 cm from 0 in the +X and
+Y directions. This point will be marked on the head at both sides of the
head. Mid-points of AB, CD, and EF will give the other points which will
be similarly marked on the skull,

2.2.3 Determination of the Effective Moment of Inertia
An MTS Systems Torsional Shaker will be used to shake the head.
The shaker will be calibrated dynamically by mounting an aluminum cylinder
of known moment of inertia (250000 gm-cmz, approximately the same as that of
the head about the y axis). By shaking the cylinder at a known frequency and
pulse shape (sinusoidal), the torques can be calculated at different frequencies:

T=1Ie
where T is the torque, I the moment of inertia, and 6 the angular accelera-
tion.

The cadaver body will be placed on a special table which can be raised
or lowered so @S to position the head in the desired place over the shaker
head. The head will then be aligned in the fixture (Figure 6) which has
been specially designed for this purpose, so that the axis of rotation passes
through the assumed center of gravity. This will be done with the help of

the surface landmarks already determined. Then the three screws A, B, and

10




SAGITTAL PLANE

FIGURE 5.
DEVICE FOR LOCATING
SPECIAL AXES
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FIGURE 6. HEAD MOMENT OF INERTIA TEST SET-UP
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C will be screwed into the skull to hold it in place. To reduce the load
on the screws, thin aluminum plates will be screwed into the fixture and
then quick-setting rigid foam injected in the cavity so formed. Once the
foam hardens, the head will be secured in place.

The head will then be vibrated on the torsional shaker and the frequency,
pulse shape, and torque values recorded. With this information, the effective
moment of inertia for the head system fixture can be calculated. The head
will then be removed and a similar test run for the fixture with the foam,
With these values known, the effective moment of inertia of the head can
then be obtained. The moment of inertia in the other two directions will
then be determined by reorienting the head in the desired direction. Since
the structural integrity of the head is not violated in the test procedure,
it is possible to conduct many tests on the same head in this manner. The
moment of inertia about any other axis can then be determined.

2.3 Task 3

In this task, a single-shot triangular displacement pulse at varying
amplitudes and time durations will be used as input to the head. In this
series of tests the head will be fastened to the hydraulic torsional shaker
in the exact manner as described in Task 2.

2.4 Tasks 4 and 5

The cadaver for these tests will be placed in the chair as described
in Task 1. Impacts to the patella and femur system along the long axis
of the femur will be made with a five-inch-diameter padded impactor. Im-
pacts to the side of the femur will be delivered by a six-inch-diameter cylin-
der. In both of these tests, impacts will be repeated until fracture is
obtained.

In Task 5 the impacts to the tibia and fibula will be conducted using

the six inch cylinder as described in the above paragraph.

13
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3.0 RESULTS
3.1 Task 1

Two cadavers were impacted in the head as described in Section 2.1.1.
Of the two a complete data set was only obtained from VRIC-1. In the
other case, Toss of one or more accelerometer channels rendered the
analysis impossible. Redundant accelerometers are now being used to insure
analysis as well as acting as a check on the integration routine of the mo-
tion analysis.

The test set-up for VRIC-1 is shown in Figure 7. The results of this
impact are presented in Figures 8-13. These curves represent the input force
as well as tne resultant head motion with respect to the axes described in
2.2.

The head severity index is also presented. There was no external damage
to the cadaver's head and no skull fracture was observed at autopsy. The
brain was examined externally as well as internally with only slight con-
gestion observed. The overall injury level based on this information would
be considered mild, but it should be pointed out that cadavers generally give
Tower injury levels than are observed in Tiving humans.

More impacts are being carried out under the second year study of this
program which is being sponsored by the Motor Vehicle Manufacturers Associa-
tion.

3.2 Task 4

Five cadavers were impacted on the knees for a total of seven impacts
under Task 5. The impact stroke, impactor surface, and impactor velocity
were all varied in these first seven impacts. Surprisingly large forces
without fracture were observed and this was the reason for varying these

parameters. Fracture was finally obtained in one case.

21



The test set-up for a knee impact is shown in Figure 14. The results
of the seven leg impacts are shown in Figures 15-19. The velocity of
impact, leg impacted, available piston kinetic energy, and impactor stroke
are all Tisted on the figures.

No injuries were observed by X-ray of any of the legs except VRIC-4.
Figures 20 and 21 show x-rays of the fracture to the right leg of VRIC-4.
The fracture load was recorded to be 4,400 Tbs. A detailed examination of
the Tlegs will be conducted in the Fall of 1974, and reported in the MVMA
final report.

A summary of all of the VRIC cadaver tests is shown in Table 1 and
the anthropometry data is given for all cadavers in Appendix C. Tasks 2,

3, and 5 are being conducted under the new sponsorship of MVMA with the
final report due in June 1975.
4.0 CONCLUSIONS

The purpose of the first year of this project was to set up the experi-
mental procedures to carry out Tasks 1 through 5 as given in Section 1. A1l
of the test procedures were developed during this phase of the study.

Some preliminary experiments were run at the end of the project to
check out the systems and procedures for the individual tasks. The results
of these tests indicate that head motion can be determined from accelerometers
mounted to the head, and that some injuries to the brain can be observed.

Considerably higher forces than have been previously published were
observed with no leg fracture of any kind. The exact mechanisms as well
as impact conditions for leg fracture have not been determined. Additional
experiments have been added to this study to allow for further examination
of the conditions and mechanisms for fracture. These additions will be car-

ried out under the MVMA study.
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FIGURE 21. A-P X-RAY OF VRIC-4 LEG FRACTURE
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APPENDIX A HEAD MOTION DETERMINATION

Al Introduction

The experimental determination of the three-dimensional rigid body
motion of the head required the development of three basic techniques:
1. An appropriate theoretical analysis technique to calculate the
overall motion based on accelerometer information.
2. An appropriate method for installing and locating the accelerometers
on the head.
3. An appropriate radiographic technique for locating the accelerometers
with respect to anatomical landmarks.
These three techniques are detailed in the following sections of this appendix.

A.2 Theoretical Analysis of Head Motion

A number of accelerometers attached to a rigid body can provide enough
information to completely determine its motion with respect to an inertial
reference frame providing the following conditions are met:

(1) A minimum of 6 accelerometers are used.

(2) They are distributed over at least 3 different non-collinear lo-

cations.

(3) Their respective directions must be such that the axes of at least
one pair of accelerometers be parallel to the axes of an arbitrarily
chosen orthogonal coordinate system on that body. (An orthogonal
coordinate system is chosen for convenience only.)

For the minimum 3 locations, Q], QZ’ 03 on a rigid body, nine scalar

equations can be used to describe the motion of the rigid body with respect
to an inertial frame.

For the rigid body shown in Figure A1,
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FIGURE A1l

where O(f J ﬁ): inertial point and frame

~ A

Pley, ey, 53): particular point and moving frame on the rigid body

Q : general point on the rigid body
w @ absolute average velocity of rigid body (relative to inertial)
» : absolute average acceleration of rigid body

R : vector position point P (absolute)

3 St

—

5t position of Q relative to (e1, €5, €3)
_>

= .
OQ] = r: position of Q, absolute
= A A A
R=9¢ "%’zet Y9365 ‘T’:wlé\‘*wzél*wscs
% A y A 2 A
¥: b, & +b,€ 1 b8, W= A€ +di8, +ds e,

The nine scalar equations for points Q], QZ’ Q3 are:

For P & Q]:
(%f'bu)‘\' (dz?za - d} Q) + w.(wz Q) tW3 g;‘)-g’u(w;*w;)'o
Set I (Gaby) + (A3 80 = 41 €31) + W, (w, 6 + W3- gy wEtwP) =0

(%5-b31)+ (K, 92 - dy € ) + w3(w,Q + “’r.?u)vg;‘(w;‘w w,}):o
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For P & Q,:
(9.-by2) +(de §aa- A3 Q) + w, (@ Qe t Wy 832) - €1y (wesw}) =0
Set II (%z,'bzz)+(v(3 Q- A @s2) + wo(w Qp + wy8,,)- € (w? +wt)z0

(33-b3l)‘ (dl Qlt - AL?“— ) + 0"3 (w‘ 9"- Wy ezz,)- g-;z, ( w,z"' wzz) =0

And for P & Q3:

(Srb,;\ #( 4283 ~438a3) ¢ w, (W2 Qs 3833} ~Ci3 (wl+wg)=o

Set 1114 (Gu-bys)H(d3 818 ~o1Gap ) + W (W1 Sus + W3 €55) ~823 (w+ @) = ©

(95‘535)4'(0(,9;5 -dz§,3)+ wz(w,g,e + ""a?t;)-fxg [w'7.+ wz:‘) = 0

The 6 accelerometers may be distributed over 3 points in either of

2 combinations:

4 2 Q3
Combination A 3 2 1
Combination B 2 2 2

Depending upon the particular combination and accelerometer orientation
used (in accordance to the aforementioned rules), 6 of the 9 values, by,
b21, b31, b123 b22, b32, b13, b23, b33, will be known, as well as the

E - -
components of g1 P25 3.

After some manipulations, 3 of the 9 equations above can be used to
find aj,9,3 and wy,7,3. Part B describes this process in further detail

for Combination B (2-2-2).
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Then, Euler Angles 6, ¢, ¢ can be defined at point P giving the

following relation.

De

w]
- -1
vy o= [a] w2
b w3
where

[A] = COSd sinesing 0]

sing  -sindCos¢ 0

0 cos6 1
4

Numerical integration of this set of equations would give 6, v, &

¢, the Euler angles for the rigid body.

A A

Next, by using 6, y, and ¢ the Euler Transformation from él e, ej

to f J K can be calculated. Then, using this transformation, expressions
for ;, ;, 2 can be written for any point on the rigid body in terms of

the known acceleration components at that point relative to él e, es.

In particular, for point P,

x = g,(cosycos¢y - cosgsingsinyg) + g,(-sinycose - sinesingcosy) + gs(sin@cosy)
} = gy(cosysing + cosecos¢sinyg) + go(-sinysine + cosecosgcosy) + g5(-sinscose)
7 = g1(sinysine) + g,(cosysing) + gs(cose)

Two single numerical integrations of these equations will then give
Tinear absolute velocities and accelerations as well as the x, y, z,
absolute positon of that point.

Hence, the orientation of the head (treated as a rigid body), its
angular velocity and angular acceleration, and the Tinear absolute
velocities and accelerations of the 3 points on the head may be determined

from a minimum of 6 accelerometers located on the head.
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B~ 2-2-2 Combination

Figure A-2. 2-2-2 Combination

“>

A
I

For this arrangement,

A

D ne + guez* §u€ PQ = @ue.
PQ = ;z,eo + §ucz+§’n33 reduce to DQ ?uel.
P

.—.

._53 ?n:see + gzsez* stﬁ DQB = @33 63

d for ¥ = 45° -
and tor v Py ot e HYe

Pz =¥ D2+ HY2

933"“ w7
Dropping terms not containing p;1s 022, p33 in the original 9 scalar

equations relative to point P and subtracting the resulting equations
(by sets) in the manner (II,I), III-II), & (I-II) gives nine equations

which do not contain 915 9p» 93;
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(ZL-1):

(b,-b,) + Saelww2 dy) + §ylwl v wi
(

(

=)

!

T’} (burbg)- o (wp » 0F) - gu{ v+ ) xe

Ww..._uwwq.*w»&mevuﬁﬂ.rx.v tw..haE.ilvv zo X
(1 )
:u.wgr&v * 933wy +x~v - Sz (W ~d; ) 20 *
hrﬁ'r&v +€33 mE«Em ,&.V + €2z ( W o4 twwv =0
:u.z.u_vuw v (Mwwm w2+ EMV - w~ﬂmzw€».+ oﬁ.v 0

[

it

(I-MmX
Af.war:v = Su NEM.’E% v - $33 AE.ﬁw 4 1~u =0

o mvauv:v + w:~8~&.+$mv — $33 Aﬂﬂﬁm - d, u =0 »*
mWwwurw_v + w: Aaucv. n&Nv + %33 A E.N ¥ &nwvﬂo

Selecting the 3 starred equations which can be solved for a7 oy, and as
from the 6 accelerometer readings gives after rearrangement:

@ Ai §ar + 4 G uﬁrwwuvw.d ¥ ENAE. Q- &st\J

(Z)  Fu8ss +dy €= (byg-bi) + © (@08 —wyg,,)

-,

B A38u v di 8y 2 (by - by ) + w2 (Wyegy - w,,)

And using the substitutions,

_.w:.... nf f...: =&, rm_no..r
wﬁ.u mﬂ _vwwub.w ¢.N zQy
w&un_w bi3= Qs h,3=%¢

these 3 equations become:

® mc. =d, = = (as-a4)d, +(a,-a,)d, &pw-fv dq a..___?ha.élb

2dyds 44,
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@ “:’z"‘z"‘ (“5'“4”.'(“:"%)@(“3‘%)4; _ c.),_J;(w;J,;-&J.d.)
2d,d; dd;

@ (:)3‘- hs= (o“'ahan*(a‘%‘)“z'l%'%)“s _ w;d;(w.d. -wed,)
ded‘b dcdS

These, then, can be numerically integrated given the values

Initial Conditions Geometry Acceleration Values
wy (0) dy (as-ay)
w,(0) dy (a-ag)
w3(0) dj (az-ap)

to give wy, wy & ws.
Next, the absolute acceleration components, 91s 9ps 93 transformation

can be calculated from known quantities.

g, = '/q_[%*as* dl(w;ww:') + As U".z*w:)]
g, . [a,+a - 4, (Ag+35e Y- dy oy + u,ws\]

gy * b [agrag -d, (w30, dy) -dq (0,0,-o3) ]

and x, y, z can be determined.
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A.3. Accelerometer Installation Fixture

An installation fixture is required for accurate placement of the
head accelerometers. This fixture should meet the following conditions:

1. Be adjustable to different head sizes.

' 2. Be insensitive to skull irregularities.

3. Be capable of mounting accelerometers in an unsymmetrical pattern
on head to allow clearance for impact device.

4, Ensure that accelerometers are mounted in an orthogonal relationship
as depicted in Figure A-3,

5. Allow position vectors o;, oy and p3, the distance from the instru-
mentation coordinate system origin to the respective accelerometer pairs, to
be obtained. (See Figure A-3).

6. Accelerometers should remain rigidly attached to head in the correct
orientation when fixture is removed.

The HSRI accelerometer installation fixture, shown in Figure A-4, consists of
a base and three arms whose upper edge surfaces are parallel to the theoretical
instrumentation cocrdinate system. A sliding block on each arm provides the
adjustment for different head sizes ahd various accelerometer groupings,

and each block locks into position with a single bolt.

The actual attachment to the head is by means of three flanged collet
and threaded cup assemblies. Each assembly clamps from both sides of the
skull through a 6 mm drilled hole and provides a very rigid platform upon
which to mount accelerometers. An accelerometer mount is potted in position
in the open face of each cup, and two Wilcoxon Research accelerometers thread
into each mount in a biaxial configuration. A drawing of a typical installed
assembly is shown in Figure A-5. The correct alignment of the accelerometer

mounts is provided by the sliding blocks on the fixture, which hold the
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Figure A-4 Accelerometer Installation Fixture
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mounts in the desired orthogonal relationship while the potting material
hardens. This use of potting technique allows a very high degree of pre-
cision in accelerometer placement since the alignment of the accelerometer
mounts becomes dependent only on the machining tolerances of the installation
fixture. The fixture and accelerometer mount assembly floats with respect
to the cup and collet assemblies, and potting the accelerometer mount into the
cup permits considerable angular misalignment of the cups from skull irregulari-
ties. Before the fixture is removed from the head, the distances from the
end of each fixture arm to the end of its sliding block are measured (See
Figure A-6) and these dimensions are used to calculate the position vectors
p1s pp and p3 from the known geometry of the fixture.

The installation procedure is as follows:

1. Install accelerometer mounts into sliding blocks. Thread a
tapered pointer into base of each mount. The tips of the pointers approxi-
mate the positions of the cup bases and are used to Tocate the holes
in the skull.

2. Adjust the sliding blocks along the arms of the fixture until
the pointers are at the most favorable position on the head for mounting the
accelerometers. Lock the sliding blocks in this position. Mark the scalp
where the pointers touch.

3. Cut a core of at least 3/8" diameter from the scalp concentric with
each marked point.

4. Using the fixture, place the pointers against the skull and mark the
points again. Reposition the sliding blocks if necessary to center the

pointers within the cored hole in the scalp.

5. Label the fixture arms Q], QZ’ and Q3 according to the convention

shown in Figure A-3,

6. Drill the three holes in the skull.
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Figure A-6 Accelerometer Location Measurement
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10.

1.

12.

13.

14.

15.

Insert the collets, thread on and tighten the cups.

Remove the pointers from the accelerometer.

With the accelerometer mounts still attached to the fixture, in-
sert each mount into its corresponding cup to ensure they fit.

It is usually necessary to loosen one of the sliding blocks slightly
to accomplish this.

Remove the fixture assembly. Fill all the cups with potting material
and replace the mounts into the cups as in the previous step. Lock
all sliding blocks securely.

Measure the distances from the end of each fixture arm to the end

of its sliding block and record on the data sheet. See Figure A-6,
When the potting material has hardened, remove the screws holding
the accelerometer mounts to the sliding blocks, and loosen at least
one of the sliding blocks. Remove the fixture from the head.

Install the dummy blocks on the accelerometer mounts. These blocks
have a lead pellet at the effective center of mass of each accelero-
meter pair and are used in the x-ray analysis of accelerometer orien-
tation.

After x-rays have been taken, remove dummy blocks and install accelero-
meters. Complete data sheet identifying each accelerometer and its
position according to Figure A-3.

For movie analysis of accelerometer motion, spherical targets may

be provided around each accelerometer pair by attaching a hollowed
out styrofoam ball and painting it to contrast with the immediate
surroundings. Locate the center of the styrofoam ball at the center

of mass of the accelerometer pair.
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16. After testing, potting material may be chipped from cup and accelero-

meter mount and all the pieces reused.

A.4 Three Dimensional X-Ray Technique

In measuring accelerations of points on the head, it is difficult to
Tocate and orient the accelerometers in standard anatomical locations and
directions. It is therefore more convenient to resolve quantities
measured in an arbitrary coordinate system into components in the standard
anatomical directions. A1l that is needed is an accurate description of
the mathematical transformation between the two coordinate systems.

Let (él, éz, é3) be an arbitrary coordinate system used in instrumenting
the head, and let (?, 3, E) be the standard anatomical coordinate system,
commonly referred to as the (A-P), (L-R) and (S-I) axes. Both systems may
be termed body-axes triads, which are fixed one relative to the other,

but moving with the head. An inertial frame (f, J, K) is used as a reference

to both moving frames. Then

e I
esf = [E] {1 (1)
es K

and )
i I
it=[A] J (2)
: )

where [E] and [A] are the direction cosines matrix relative to the inertial
frame of the instrumentation and the anatomical coordinate systems, respectively.
The objective is to obtain a transformation matrix between (e, e,, €;)

~ ~

and (%, i, k):
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~

—e >

€
o= [R1 4] )
e k
From (2), an expression for (i, 3, ﬁ) is obtained:
I i
Jp= AT (] (4)
K k
Equation (4) is then substituted into equation (1)
e, ]
e, p= [EDIAT (] (5)
&5 k
By comparing equations (3) and (5):
[R] = [EI(AT (6)

A.4.1 Method
To obtain [R], one must obtain [E] and [A] which involve the following '
steps:

a. define (e;, ey, e3)

~ A

b. define (i, i, k)

c. devise a method to compute the direction cosine matrix [E] of

(e;, e,, e3) relative to an arbitrary inertial frame.

d. devise a method to compute the direction cosine matrix [A] of

(%, j, k) relative to the same arbitrary inertial frame.
e. compute the matrix product [E] [A]'] to obtain the direction cosines

~ ~

matrix [R] of (él, 32, 33) relative to (i, 3, k).
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A.4.2 Definitions

Instrumentation Definitions - The configuration of the 6 accelerometers

necessary to measure the head motion was chosen so that they Tie on the 3
axes of the instrumentation coordinate system. Each pair is located at

a known distance from the origin P of this system as in Figure A-7. Thus:

B, = 0,6, = e, = P, (7)
[PQy

Pd, = o, é2 => éz = Pl (8)
PQ,

PA; = oy é3 = é3 = RE (9)
PQ3

Anatomical Definitions - The standard definition of the (A-P), (L-R) and

A ~ A

(S-1) axes, or alternately the (i, j, k) system is based on the Frankfort
plane. This plane is defined by the four points (see Figure A-8).
P] : superior edge of the right auditory meatus,

superior edge of the left auditory meatus,

2 .

P3 : right infraorbital notch, and

P4 : left infraorbital notch.

Let C be the midpoint between P] and P2’ and M the mid-point between P3
and P4, then

a. the anatomical center is defined as point C

b. the A-P axis is defined as:

AL
1T TCM (o)

c. the L-R axis is defined as:

i- o (1)
TCP,|
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d. the S-I axis is defined by the cross product
k=1ixj (12)
A.4.3 X-Ray Measurements of a Single Point

Two-dimensional coordinates - The x-ray photograph of an object is sim-

ply the shadow of that object captured on a photo-sensitive film and generated
by a near-point source of x-rays.

It is proposed to obtain the true coordinates (x,z) of an object (see
Figure A-9) given the x-ray photo itself, and relevant characteristics of the
x-ray set-up which produced it.

A typical x-ray set-up is simplified in the diagram of figure A-9. The
x-ray table is vertical in this case, and the film cassette is located behind
the table at a distance B. The distance between the table and the x-ray
source is A, and between the table and the object is D. After the film
has been developed, the trace 0 of the optical axis is physically located
on the film and the distances X and 7 are measured.

Given the measured X and Z, the radial distance R and the angle ¢

may be computed:

R k2 22 (13)

5 = tan”! [%} (14)

Now the true radial distance r may be obtained from the geometrical

property:
r_AD_[ A\ 1
R-AMB <A+B/ B <A+B> D (15)

r=[o - gD]R (16)

or

The constants o and g depend solely on the x-ray set-up and are the

same for any object at any distance D from the x-ray table.
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X-RAY SOURCE

FIGURE A-9: SIMPLIFIED X-RAY SET-UP FOR
A SINGLE POINT
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The relationship of equation (16) was experimentally determined and
is shown in figure A-10. Note that this parametric calibration curve is
valid for the x-ray set-up at HSRI and will vary depending on the A and B
distances.

Now that the true radial distance is known, the true coordinates are:

X = Y C0SH (17)
z=r sing (18)

Three-dimensional coordinates - To obtain complete 3-D coordinates of

an object point, the procedure followed in the previous section may be re-
peated for the (Y-Z) plane. This can be done simultaneously with the (X-Z)
measurement which requires two separate x-ray sources and two separate film
planes, which are mutually perpendicular. A simpler method is to x-ray the
(X-Z) plane first, then rotate the object 90° and obtain a new x-ray which
would be of the (Y-Z) plane. The analysis of the two x-rays would yield
true (x,z) and (y,z) coordinates. The z-coordinate would be the average of
the two values obtained, since experimental errors would normally result in
slightly different values.

The inertial coordinate reference system is formed by the optical axis.
going once through the (x,z) plane, then going again through the (y,z) plane
of the head. Therefore, care must be taken as to keep the head at the same
elevation with respect to the optical axis when it is being rotated. This
elevation may, however, be arbitrary.

A.4.4 Experimental X-Ray Procedure

The experimental procedure in x-raying the head must be oriented toward
an accurate measurement of the transformation matrix between the instrumen-
tation and the anatomical coordinate system. This procedure is described

and justified in the following paragraphs.
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On each x-ray, the optical (inertial) reference frame must be defined.
For this purpose, a special lead plate, figure A-11, was machined to fit
precisely over the window of the x-ray source. This plate will allow a thin
circular ring of x-rays to pass through and be recorded on the film, prior
to taking the x-ray of the head. Careful machining insures that the optical
center is the same as the center of the ring. A vertical axis was obtained
on the film by hanging a weight from a long lead wire and taping the top end
of the wire onto the x-ray table. Thus, the optical center, as well as
the vertical and horizontal optical axes may accurately be drawn on the film
and used to measure the (X, Y, Z) coordinates of any given point.

In order to identify the 4 anatomical points of the Frankfort plane,
Tead pellets with distinctive tabs are used as follows. The lowest points
on the two orbital cavities are exposed by small incisions and, using East-
man-910 cement, two pellets are cemented directly on the bone at the lowest
point of each orbital cavity. This is the closest approximation to the two
infraorbital notches P3 and P4 used in defining the Frankfort plane. To
approximate the other two points of this plane, P] and PZ, two wooden plugs
(short cylinders) are used to carry lead pellets so that, when these plugs
are inserted in the auditory meati, the lead pellets would approximate the
superior edges of the two meati.

Finally, to identify the 3 points Q], 02, Q3 which represent the centers
of mass of the 3 pairs of accelerometers, 3 aluminum dummy blocks are machined
to replace the 3 pairs of accelerometers during the x-raying. Each dummy
block contains a pellet, so located as to precisely fall on the c.m. of the
accelerometer-pair which is being replaced.

Once the seven pellets are properly mounted on the head, the subject

whose head is being x-rayed is then placed (or seated) on a rolling chair

57



1 N
6.0’ / \l
‘\ !
\ /
~ P

Y \. _J/
| LEAD
50
i | o ,
5 5" 1 ' 40" | ‘.\ ,' '\\ / | UMINUM
. ‘\___ __._J‘ Lod b e e J'

FIGURE A-l LEAD PLATE FOR PRE-RECORDING OF
OPTICAL CENTER.

o8



or platform and the following steps are taken:

Step 1.

Step 2.

Step 3.

Step 4.

Step 5.
Step 6.

Step 7.

Step 8.

Step 9.

With the subject outside the x-ray field, expose the film with
the circular ring.

Place the subject in the x-ray field, and obtain and record
the distances of seven pellets from the x-ray table.

Expose the film to obtain the x-ray of the head structure

and the vertical lead wire. This gives the x-ray of the (j-ﬁ)
plane.

Remove the subject from the x-ray field, and change the film
cassette.

Expose the film to obtain the circular ring.

Replace the subject to exactly the same previous elevation

and in the x-ray field.

Rotate the platform carrying the subject through +90° about the
K-axis.

Obtain and record the seven distances between the x-ray table
and the individual pellets.

Expose the head and the vertical lead wire to obtain an x-ray

of the (X,K) plane.

Once the two orthogonal x-rays have been developed, the optical center

and axes are drawn and the seven pellets labeled on each x-ray, then for

each pellet, (X,Z) and (Y,Z) pairs are measured directly from the x-rays.

These pairs are supplemented with the corresponding distances from the x-ray

table obtained earlier during steps 2 and 8 of the x-raying procedure. Each

pellet will then have (X, Z, sz) and (Y,Z,D_) which can be used to obtain

yz

true (x,y,z) coordinates with respect to an arbitrary reference frame, given

the calibration constants a and g of the x-ray set-up.




A.4.5 Computational Procedure

A computer program, XRAY, was written to carry the necessary steps
toward the evaluation of the transformation matrix [R] between the instrumen-
tation and the anatomical coordinate systems.

Instrumentation Frame - The inertial vector position of the 3 accelero-

meter pellets may be obtained:

00, =x, 1+y, J+z,K
0G, = x, I+ ¥s J+ z, K (19)
0, = x5 1+y; J+2z5K
and
Gﬁ=xpi+yp3+zpk
But
0P, = OF + PQ,
04, = O + PQ, (20)
005 = 0P + PO,
where
531 =Pl él
sz‘rJzéz (21)
ﬁﬁs = p3 é3

The first step in solving the problem is to obtain the inertial coor-
dinates of point P, origin of the instrumentation triad. Solving for Pﬁl, Pﬁz

and PQ; from equation (20) and substituting the values in equation (21) yields:

ore1 = Wy - 0F = (= )T+ (y1yp)d + (220K
0287 = Wy = 0P = (omx )T+ (ypmy N+ (292K (22)
055 = 05 - 0P = (xg=x )T + (ya=y,)d + (z,-2 K

60




Equations (22) may be written

equation by itself:

pf = (x
0% = (x
0§ = (x

1= Xp

(Yl'yp)

24 (Zl-

2= Xp )+ (Yz-y )%+ (22'

3" Xp

P

(y3-y )% (25
p

z )2 (2

Equations (23) may be manipulated to obtain the following linear

simultaneous equations:

(x1-x2)

(xp-x3)

ﬁx3'xl)

(y1-¥2)
(y2-y3)
(y3-y1)

(21'22)
(zp-23)

(z3-21)

-

-

2 2 2 2 2 2 2 2
(x1t yit 21707 )-(Xpt Yot 2p-p5)
2 2 2 2 2 2 2 2
L<(X2+ Yot Zpmpp )=(Xgt yat z3-p3)
2 2 2 2 2 2 2 2
(X3t y3+ z3-p3 )-(x3+ y3+ 23-p3)

J \
Finally this set of equations is solved by subroutine LOCOR to yield (x

The next step is simple and involves computing the direction cosines

in scalar form by dot multiplying each

3)

N

> (24)

7

PTPP

of each of the vectors PQ,, 532, ?33 which are identical with those of the

unit vectors él, éz, é3. Thus:
" PQ; X=X . -
L e I BT
1
!PQ1| 1 Pl
oo Pl o X X . Yoy
2 I+ P
[PQ2] 02 P2
" P X=X, -
eq= Pls . s s Y39
[PQ;| 03 03
or simply
3
éz = [E]
e

> —

<>

o>

>

— Py
P
22'2 ~
K (25)
p2
23“‘2 }2
P3
(26)
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Anatomical Frame - Using the same notation for the anatomical pellets,

the inertial position vectors of the four anatomical pellets are:

0B, =xl+y J+z,K
W, =x,l+y,d+z,K
0P, = xsl +ys d+ 25K (27)
6Bu = xkf t Yy j t zZy %

First define the direction cosines of f-axis or the L-R axis. This

may be done by one of two methods:

3 = P1P2 = Qli\ + mlj + nll'}\
P1P2|
or
. P3Py n

J = -l'_P_a—P_:i = 221 + mth + nzK
The two methods are equivalent within some experimental error. To

minimize this error, the average is taken as the final direction cosines of

unit vector j, i.e.:

J= oath MM gy Nty (28)
2 2 2

Next, define the S-I or k-axis. This axis is perpendicular to the
Frankfort plane defined by the 4 anatomical pellets. The unit vector k
must be along the cross product of the vector 3 and any vector P lying

in the Frankfort plane. Thus:

>

~ : 'FS""'“’ N ~ ~
k= 373 =g T4emd+nK
Jj x P3Py
. . .
or k= o= g,1 4 myd +ongK
J x PyPy
or k= ¥ - 231 + myd + ngK
| J % P3P,
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or k=3 %Pl o qu + mqj + nkﬁ
J

The average is then :

ko= Mitfothgtly 7o mptmptmgtmy o o mpFnptngtn, g (29)
4 4 4

Finally, the direction cosines of the A-P or j-axis are obtained by
the cross product:
i=k x 3 (30)

Equations (28), (29) and (30) may be written compactly as:

i I
ip=IAT (9
k K

Trans formation matrix [R] - Since the transformation matrix [R], defined

by
e, i
eay=[R1 {3y
e, K

is the desired result, it is simply obtained by:
[R] = [E] [A]]
The matrix [A] is an orthogonal transformation, therefore, its inverse

is equal to its transpose.

! o=l

Thus, -
[R] = [E] [A] (31)

The matrix multiplication in Equation (31) is straightforward.
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Translation of the two origins - In addition to the transformation matrix

between the instrumentation and the anatomical coordinate systems, the loca-
tion of the instrumentation origin P must be known relative to the anatomical

coordinate system, i.e.
TF=d, i+d,]+dsk. (32)

This vector can be computed from
CF=0P-0C
then expressed in the anatomical system. First, the vector OC is by

definition (section A.4.2)

0C = J{0F, + 0P,]

0= Xtk T4 it2 § oy 1t g (33)
2 2 2
or oC = x. I+y d+z K
= x I+y J+z K
and 0P X L+, J 2,
therefore CP = (xp-xc) I+ (yp-yc) J+ (zp-zc) K (34)

To obtain (dy, dy, ds), the anatomical components of TP, we express CP in the

anatomical system:

P - u (vyy,) (zp-zC)JI

Ca> —>

~>

Using equation (2), (f,j,ﬁ) is substituted to obtain:

loo . o= ([5G (g2 AT (35)
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APPENDIX B
CADAVER CHAIR
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APPENDIX B CADAVER CHAIR

Problem: Design an apparatus to accurately position a cadaver's head
or leg in front of an impacting ram used to study human head and leg impact
characteristics. Such a "cadaver seat" would also provide a degree of
uniformity in tests of different specimens.

The seat should allow the cadaver's head or leg to recoil natrually
from the impacting blow and not restrain the reaction. Impacts to be con-
sidered are (1) head frontal, (2) head side, and (3) leg frontal.

Design: A photo of the basic seat is shown in Figure B1. The outer
box-1ike framework sits on the laboratory floor in front of the impactor.
Its upper framework structure is used for mounting photographic equipment
and other instrumentation. The seat is shown schematically in Figure B-2.

Two sets of rails support the seat within this framework and are
arranged so as to provide initial positioning of the seat within the struc-
ture in both the vertical and anterior-posterior directions. The seat bottom
is mounted to one rail set via four automotive-type power seat tracks (not
shown in Figure B1). They are arranged so as to remotely control the fine
positioning of the seat with respect to the outer frame and to provide five
additional adjustments:

(1) 6" total anterior-posterior translation

(2) 6" total left-right translation

(3) 6" total superior-inferior translation

(4) +6 1/2° anterior-posterior tilt

(5) +6 1/2° left-right tilt.

The cadaver is strapped into the seat at the thighs and upper arms
and the head is held off the shoulders by strings tied from the ears to a
seat member above. Upon frontal/side impact, the string breaks and allows

the head to recoil quite naturally. The upper arms are fastened securely
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Figure B- 2. Cadaver Seat Schematic
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enough to hold the torso upright and yet will not significantly restrict

posterior chest movement upon frontal chest impact.
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APPENDIX C
ANTHROPOMETRY DATA




DATE

VRIC ANTHROPOMETRY

I. SUPINE

CA 1. Head breadth . . ...
CA 2. Head length

RA 3. Head height

ST 4. Sagittal arc length
ST 5. Coronal arc length
RA 6. Femur length - R

RA 7. Femur Jength - L .

I1. CIRCUITININCE

ST 1. Neclk (at mid-line)
ST 2. llcac .

TIT, ETATIRT

CA = Curved anthropometer
RA = Negular aunthropomcter

ST == Q4eel fane

SUBJECT NO. VRIC-03

CADAVER NO.

SHEET

37.0

Rt 8. Lower legz leagth - R (Fibula Levwgth) . . . . 46.2

RA 9. Lower leg lergth - I, (Fibula Le.gth).. . . . 45.7
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DATE April 24, 1974 SUBJECT NO. VRIC-04
CADAYER NO,

VRIC ANTHROPOMETRY SHEET
1. SUPINE 4 N )
CA 1. He;d breadth.............. e e e e e 15.4
CA 2. Head length. . ... ittt ieeaenonenacanenas 18.0
RA 3. Head height. .. ... it i it ettt i aaaeansons 12.6
ST 4. Jagittal arc length. .. ... it et 37.0
ST 5. Coronal arc leagth. . it it i i et ittt e anannns 35.8
RA 6. UYemur length = R (upper 1eg) oo et et eeeeen L
RA 7. Tomur length = L (UPPOr JCZ) vttt e it st annnes
RA 8. Fibula length = R (lower leg) ...t it 43.5
A 9. Fibula loagih = L (Qower leg) ot ii s ii i i ieeee e _42.7
11 CIKRCUVI'FRENCE
ST 1. Neck (At mad=Tane) et e et e e e e et e 32;§,_~
QT 2. Head . o e e _85.2
C4A = Curved anthroponcter
A = Regulay anthropconieter
ST = Sieel tape

72
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DATE April 24, 1974 SUBJECT NO. VRIC-04
CAPAVER NO.,

VRIC ANTHROPOMETRY SHEET
I. SUPINE f \
CA 1. He;d breadth. . ...t it ii i e 15.4
CA 2. Head length. .. ...t ineieneeeneenneeeanenonnenas 18.0
RA 3. Head height. . ...ttt ittt ittt i enneeenas 12.6
ST 4. Sagittal arc length........ ... iiiiennnnns 37.0
ST 5. Coronal arc length. . ... vttt it teeireoeeneoeens 35.8
RA 6. Femur length - R (upper leg)................
RA 7. TFomur length = L (UPper 1Cg) v vt it ieiennns
RA 8. TFibula length = R (lower 1eg)......cuiiuiienennennnn 43.5
RA 9. Tibula leugth = L (Jower 1eg8) v e ittt eeieeieennn 42.2
11 CIRCUMFERENCE
ST 1. Neck (at mid=1ane) ..t iiin ittt it e 32.5
ST 2. Head. ... e e e e e e e e 55.2
CA = Curved anthropometer
RA = Regular anthropometer
ST = Stecl tape

Rev. 5/8/74
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DATE May 7, 1974 SUBJECT NO. VRIC-05

CADAVER NO. 19940

VRIC ANTHROPOMETRY SHEET

I. SUPINE ;

CA 1. Hegd breadth.........coiiiiiiiiiinn.. e 15.0
CA 2. Head length. ... ittt ittt ieetaannnns 21°0
RA 3. Head helght. ... . ittt ittt ineneeannsns 13.6
ST 4. Sagittal arc length................... et 36.4
ST 5. Coronal arc length. ... ittt it iiiiatanansns 36.0
RA 6. chﬁr length = R (upper 1eg) . vu i ine e enenennn 31.8
RA 7. VYomur lengin — Lo(upper 1eg) oo it iiieiennn 32.4
RA 8. Tibula length = R (lower 1eg) ... ie e 40.1
RA 9. Tibuls Jength = L (Jower 1eg) oottt v ene 37.8
HA JO.  Stature. . e

II. CIRCUNFERINCE

ST 1. Neck (at mid-1dneg) ..t inrnr e rneenenaennon 38.7
ST 2. HOaQ. ..ttt i e e 57.9

CA = Curved anthropomctier
RA = Regular anthropeacter

ST = Steecl tape

Rev. 5/8/74




DATE May 7, 1974 SUBJECT NO. vR1¢-05

CADAVER NO. 19940

VRIC ANTHROPOMETRY SHEET

I. SUPINE

CA 1. Head Breadill.....eu e un e e, 15.0
CA 2. Head 1ength. .ttt ittt ittt ettt eenetensennenn 21.0
RA 3. Head helght. . . .ottt it ittt it 13.6
sT 4 Sagittal arc length. . ... .ottt ittt 36.4
ST 5 Coronal arc Jength. ... ...ttt e et e 36.0
RA 6. Femdr length = R (upper 1eg) v e i e e e eeeennn 31.8
RA 7. TFemur lenginh = L (upper 1eg) ..o i e, 32.4
RA 8. Fibula lenzgth = R (lower 1eg) ... erint e, __40.1
RA 9. Tibula length = L (Jower 108) ot e e e e, 37.8

A 10. Stature

...............................................

ST 1. Neck (at mId=2a0e) v v vttt e e e e, 38.7
ST 2 Bead . o e e e e e, 57.9

CA = Curved anthroponeter

RA = Regular anthroponeter
ST = Stecl tape

Rev. 5/8/74
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