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ABSTRACT

The lateral, anterior and posterior passive bend-
ing responses of the human cervical spine were inves-
tigated using unembalmed cervical spinal elements ob-
tained from cadavers. Bending stiffness was measured
in six modes ranging from tension-extension through
compression-flexion. Viscoelastic responses studied in-
cluded relaxation, cyclic conditioning and constant ve-
locity deformation. A five-axis load cell was used to
measure the applied forces. Results include moment-
angle curves, relaxation moduli and the effect of cyclic
conditioning on bending stiffness. The Hybrid III ATD
neckform was also tested and its responses are com-
pared with the human. It was observed that the Hy-
brid III neckform was more rate sensitive than the hu-
man, that mechanical conditioning changed the stiff-
ness of the human specimens significantly, and that
changing the end condition from pinned-pinned to
fixed-pinned increased the stiffness by a large factor.

THIS PAPER DESCRIBES the results of a study
of the bending responses of unembalmed human cer-
vical spine segments. Considerable work has been
done on the structural properties of the cervical spine
and neck injury mechanisms. However, the cervical
spine is an extremely complex structure, and many
questions about its structural responses remain unan-
swered. Cervical injuries are of major interest be-
cause they occur with some frequency in automotive,
recreational and sports activities, because they can in-
volve the spinal cord with catastrophic and irreversible
consequences, and because they usually involve the
younger age groups. An extensive review of the lit-
erature was presented by Sances (1).

Many of the studies of the structural properties
of the spine have involved compression. Perhaps the
earliest such study was Messerer’s work on the me-
chanical properties of the vertebrae (2). He reported
compression breaking loads ranging from 1.47-2.16 kN
for the lower cervical spine. Bauze and Ardran loaded
human cadaveric cervical spines in compression and re-
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ported forward dislocations with loads of 1.32-1.42 kN
(3). However, their experiments were designed to force
the dislocations to occur at a given vertebral level.
Sances tested isolated cadaver cervical spines in com-
pression, tension and shear (4). A quasi-static com-
pression failure was observed at a load of 0.645 kN, and
dynamic compression-flexion failures were reported at
loads ranging from 1.78-4.45 kN. McElhaney et al.
applied time-varying compressive loading to unem-
balmed human cervical spines (5,6). Failures were
produced which are similar to those observed clinically
with maximum loads ranging from 1.93-6.84 kN. In ad-
dition, it was found that small eccentricities in the load
axis could change the buckling mode from posterior to
anterior. Panjabi et al. measured rotation and transla-
tion of the upper vertebra as a function of transection
of the components in single units of the cervical spine
(7). Selecki and Williams conducted a study of cadav-
eric cervical spines loaded with a manually operated
hydraulic jack (8). They were able to duplicate several
types of clinically observed injuries, but reported loads
in terms of the hydraulic pressure. Nusholtz et al.
studied neck motions and failure mechanisms on un-
embalmed cadavers due to crown impacts; failure loads
ranged from 3.2 to 10.8 kN (9). They reported that
spinal response and damage were significantly influ-
enced by the initial configuration of the spine.

Very few tests have been conducted on longer spi-
nal segments. Edwards et al. tested lumbar spine
motion units in combined loading (10). They found
that stiffness of the motion unit was nonlinear and
increased with increasing load. Markolf and Steidel
tested human cadaveric thoracolumbar spine motion
units in flexion, extension, lateral bending, torsion,
and tension (11). They conducted free-vibration tests,
and reported stiffness and damping values for the var-
ious test modes and vertebral levels. Panjabi et al.
measured the three-dimensional stiffness matrix for all
levels of the thoracic spine by measuring all compo-
nents of deflection of spinal units for various loading
modes (12). Roaf loaded single cervical spinal units in
compression, extension, flexion, horizontal shear, and
rotation (torsion) (13). He found that the intact disc,



which failed at approximately 7.14 kN, was more re-
sistant to compression than wet vertebrae which failed
at approximately 6.23 kN. It is his contention that
ligamentous rupture cannot be caused by hyperflex-
ion or hyperextension, but only by rotation and/or
shear forces. Tencer et al. performed static tests on
individual lumbar spinal units (14). They presented
load-deflection data for all loading modes. Hodgson
measured the strain at selected locations of the cer-
vical vertebrae of cadavers under several head impact
modes (15). He concluded that the effects of off-axis,
torsional and transverse shear are important variables
and influence the axial response. Seemann compared
the dynamic responses of the human and Hybrid II1
neck (16). He concluded that there was a good match
with some bending modes but a poor one in others.

A major problem with tests on spinal elements has
been the proper measurement of the forces and mo-
ments applied to the specimen. The experiments re-
ported here used a five-axis load cell in an attempt to
better understand the reasons for the wide range of
compressive failure loads and failure mechanisms re-
ported in the literature.

METHODS

SPECIMEN TYPES AND PROCUREMENT -
Unembalmed human cervical spines were obtained
shortly after death, sprayed with calcium buffered, iso-
tonic saline, sealed in plastic bags, frozen and stored
at -20°C. Cervical spine specimens generally included
the base of the skull, approximately two centimeters
around the foramen, or C1 at the superior end and
C5, C6, C7, or T1 at the inferior end. The associated
ligamentous structures were kept intact. X-rays were
taken and reviewed to assess specimen integrity. Med-
ical records of donors were examined to ensure that
the specimens were normal for their age group and
did not show evidence of serious degeneration, spinal
disease, or other health-related problems that would
affect their structural responses.

SPECIMEN PREPARATION - Prior to testing,
each specimen was thawed at 20°C for 12 hours. The
pre-test specimen preparation was performed in an en-
vironmental chamber, which was designed to prevent
specimen dehydration and deterioration. A variable
flow humidifier pumped water vapor into the chamber
to create a 100% humidity environment. The end ver-
tebrae were cleaned, dried, and defatted for casting.
The specimen was mounted in aluminum cups with a
pin inserted into the spinal canal in order to provide
a reference bending axis. Using polyester resin, the
ends of the specimens were cast in the cups so that the
cups were approximately perpendicular to the axes of
the end vertebrae (17). During casting, the aluminum
cups were cooled in a flowing water bath to minimize
degradation due to the heat of polymerization.

TEST INSTRUMENTATION - A Minneapolis
Test Systems (MTS) servo-controlled hydraulic testing
machine was used to conduct the various viscoelas-
tic tests. An eight-channel transducing system was
used to measure the axial, lateral, and anterior forces,
the flexion-extension and lateral bending moments, the
linear motion of the ram, and the angular motion of
the specimen ends. Loads and moments were mea-
sured with a five-axis load cell assembly, which was
constructed using two GSE three-axis ATD neck load
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cells. The motion of the specimen ends was measured
with an internal coaxial linear variable differential
transformer (LVDT) and two external rotational vari-
able differential transformers (RVDT). These trans-
ducers provided data to establish the motion of the
two specimen ends from direct measurements of the
total bending angle and calculations of the specimen
length change. The internal LVDT was used to mon-
itor the ram motion and hence the displacement of
the clevis end of the lower transfer bar. One external
RVDT was used in the pinned-pinned and fixed-pinned
tests to track the rotation of the specimen end of the
lower transfer bar relative to the ram; the second ex-
ternal RVDT was used in the pinned-pinned tests to
track the rotation of the specimen end of the upper
transfer bar. Figure 1 is a schematic diagram of the
test apparatus.

A digital measurement and analysis system was de-
veloped utilizing a data logging computer. The mul-
tichannel microcomputer-based data acquisition sys-
tem incorporated an RC Electronics ISC-16 Comput-
erscope for the digitization and storage of data. This
system, which consists of a 16-channel A/D board,
external instrument interface box, and Scope Driver
software, has a 1 MHz aggregate sampling rate capa-
bility with 12 bit resolution and writes data directly
to a hard disk. In addition, during the failure tests,
flouroscopic images were recorded on videotape.
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Figure 1: Pinned-Pinned Test Configuration

THE COMBINED AXIAL LOADING - BEND-
ING TEST APPARATUS - A specially designed test
jig was developed to place the specimen in a state of
eccentric axial loading. This resulted in a combined
axial load and bending moment applied at the ends
of the specimen. The apparatus provided adjustable
moment arms and accommodated the following six
test modes: compression-flexion (CF), tension-flexion
TF), compression-extension (CE), tension-extension
TE), compression-lateral bending (CL), and tension-



lateral bending (TL). Two test configurations were
utilized: (1) pinned-pinned end conditions (PP), and
(2) fixed-pinned end conditions (FP).

For the pinned-pinned end conditions, the upper
transfer bar was attached via a clevis to the load cell
assembly, which was rigidly mounted to the upper
platen of the MTS. The lower transfer bar was at-
tached via a clevis to the ram of the MTS. The center-
line of the specimen was parallel to, but not coincident
with, the line of action of the MTS ram. The clevis
end of the upper transfer bar was constrained from
translation. The two external RVDTs were mounted
on the test apparatus in order to measure the angular
displacement of each transfer arm. In this configura-
tion, the specimen was mounted with the superior end
attached to the upper transfer bar and the inferior end
attached to the lower transfer bar.

For the fixed-pinned end conditions, the upper cle-
vis and corresponding RVDT were removed. In this
configuration, the specimen was mounted with the su-
perior end attached to the pivoting lower transfer bar
and the inferior end fixed to the load cell assembly,
which was rigidly mounted to the upper platen of the
MTS.

A free body diagram of the test configuration is
presented in Figure 2. The reference center line of the
specimen is the central axis of the spinal foramen. The
moment at the center of the specimen is

M, = Pya — Ppb,
and the moment measured by the load cell is

My = P.B.
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Figure 2: Freebody Diagram for the Fixed-Pinned
Test Configuration

The moment induced by the shear force P, was signifi-
cant in the fixed-pinned configuration but was negligi-
ble in the pinned-pinned configuration. The apparatus
had minimal overshoot and vibration below test fre-
quencies of 5 Hz. Inertial forces begin to predominate
above 10 Hz, and this is the current system’s upper
frequency range.

In this paper, test rates will be described in Hertz.
The test period is the reciprocal of the frequency, and
the time to peak load is one-half of the test period.
The deformation rate is the maximum deformation in
angular or linear units multiplied by twice the test
frequency.

VISCOELASTIC TEST BATTERY - Five types
of tests were performed in the following order:

1. Fully equilibrated relaxation test gthe specimen
was wet with isotonic saline for at least 24 hours
pre-test.)

2. Cyclic test (nominally 40 cycles at 1.0 Hz until the
waveform repeats.)

3. Mechanically stabilized or preconditioned relaxa-
tion test (the cyclic modulus reached an asymp-
totic plateau.)

4. Constant velocity tests (0.01 Hz, 0.1 Hz, 1.0 Hz,
5 Hz in the mechanically stabilized state.

5. Constant velocity load to failure test (in the me-
chanically stabilized state.)

This battery of eight tests if performed in the six
test modes results in forty-eight tests per specimen.
If the end conditions were also varied (3 additional
modes) there are one-hundred and forty-four combi-
nations. Concern for specimen degradation resulted
in approximately twenty-four tests per specimen actu-
ally being performed.

TEST RESULTS

RELAXATION TESTS - Pre-cyclic and post-cyc-
lic relaxation tests were conducted to measure the vis-
coelastic responses of the spines in the initial equili-
brated state and in the mechanically stabilized state.
The relaxation tests were performed using ramp-and-
hold command signals with 0.2 second rise times. The
deflection was held constant for 125-150 seconds. Fig-
ure 3 is a typical example of the pre- (Rl? and post-
cyclic (R2) reduced (normalized by peak load) relax-
ation responses for spines in the equilibrated and me-
chanically stabilized states, respectively, tested in the
pinned-pinned and fixed-pinned configuration. The re-
sponse of the Hybrid III neck is shown for comparison.

The relaxation response of each spine reached a
peak load for a finite loading rate, decreased mono-
tonically, and approached asymptotically a non-zero
equilibrium value during the test. A variable rate of
moment relaxation was demonstrated. For constant
deformations, the load decay was initially extremely
rapid, decaying at a much slower rate thereafter. In
all cases, the spines exhibited less load relaxation af-
ter cyclic preconditioning. The best least-squares fit,
for all tests, of the reduced relaxation response was
a linear regression in the natural log of time. This
linear behavior in log time has also been observed for
other biological tissues by Fung (18). These curves can
be represented as a sum of exponentials, but this was
not done since the exponents and amplitudes are quite
sensitive to small changes in the data. Tables 2 and 3
show the mean and standard deviation (o) of the in-
stantaneous stiffness (K) and the asymptotic stiffness



TABLE 1. FAILURE TEST RESULTS.

MAXIMUM| MAXIMUM |MAXIMUM| ANGLE AT
SPECIMEN |AGE/|VERTEBRAL| MOMENT |AXIAL FORCE|A-P SHEAR |MAX.MOMENT FAILURE
NUMBER | SEX LEVELS (N-m) {N) (N) (deg) CLASSIFICATION
C4-Cs, Cs-Cq ligamentum
nuchae, ligamentum flavum,
iC and post. long. ligament
p-P 52/M C -T 146 192 0 54 torn
Ce-Cy ligamentum nuchae
2C and R capsular ligament
P-P 64/F G -Ty 8.75 214 0 57 torn
wedging of C,-Cs bodies,
3C Cs-Cg ligamentum nuchae
P-P N/A C -T 3.01 108 0 31 disrupted
wedging and broadening of
4C C,4-Cs and Cg-Cg bodies,
P-P 69/M C,-T 3.40 338 11.7 40 tear of Cy-C, disc
5C this specimen was not
P-F 77/M C-T loaded to failure
C4-Cy ant. disc disrupted,
C3-Cy, Cs-Cy, C4-Cs
6C L capsular ligaments
P-F 6/M BOS -T, 6.7 1513 23.0 15 partially disrupted
C4-Cs, Cs-Cs, Cs-Cy
shortened discs and wedged
bodies, distupted Cy-T disc,
7C ligamentum nuchae and
P-F 86/M BOS - T 10.2 2305 35 22 ligamentum flavum stretched
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Figure 3: Typical Bending Moment Relaxation for Figure 4: Typical Bending Moment Relaxation for

Human Cervical Spines

(K o) for the various test modes of the human cervical
spine and the Hybrid III neckform.

The ratio of Ko/K is a measure of the time de-
pendent or viscous component. For the fully equili-
brated state the average value of Ko/ Ko, for all tests
was 1.838 for Hybrid III énd 2.099 for the human cervi-
cal. For the mechanically stabilized state the average
value was 1.658 for the Hybrid III and 1.507 for the
human cervical. The ratio of the Ky’s for the equi-
librated and the stabilized state is a measure of the
nonlinear response probably due to the release of fluid
from the various tissues. This ratio averaged for all
tests was 1.623. For the Hybrid III, this ratio was
very close to 1.
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the Hybrid III Neckform

CYCLIC TESTS - Each fully equilibrated speci-
men was subjected to a sinusoidally varying displace-
ment for approximately 50 cycles. The cyclic loading
established the mechanically stabilized or precondi-
tioned state (6). When a specimen was subjected to a
repeated deformation history about a fixed length, the
cyclic modulus magnitude decreased as the number of
deformation cycles increased. In these tests, the cyclic
modulus is the peak moment divided by the peak angu-
lar deformation (N-m/Radian). The initial cycle was
representative of the response of the fully equilibrated
spine. Eventually, after about 30 cycles, a steady-state
(i.e, the mechanically stabilized state) was reached.
The achievement of the mechanically stabilized state



Table 2. RELAXATION STIFFNESS (N-m/rad) FULLY EQUILIBRATED.

JITUMAN llYUl(_l_l)_lll
MODES FIXED-PINNED PINNED-PINNED FIXED-PINNED _B}_EEEQ;_I‘![“NEQ
Ko Ko Ko Koo Ko Koo Ko Koo
Mean| o [N | Meanl ¢ N |Meanfo [N ]| Mecan| o |N
CF 59.2)13.7]13 34.5[135 3 680.0 280.3 132.9 75.6
TF 29.3 1 17.8 1 14.8 1 8.9 1 449.7 357.3 268.4 119.5
CE 3.9 ]0.9{2 | 2.1 0.0] 3 683.9 347.1 120.2 65.3
TE 13.2 1 7.4 1 238.9 300.1 135.7 67.3
CcL a.211.213 2.010.2 3 3.3 10.6Y2 1.1 0.313 931.7 347.1 120.2 65.3
Tl 177.3 1 107.9 1 16.2 1 {10.1 1 302.2 2271.9 195.6 81.7
TADBLE 3. RELAXATION STIFFNESS (N-ln/rn(l) MECIHHANICALLY STADILIZED.
HUMAN Hyniin Ml ]
MODES FIXED -TPINNED 1 PINNED-PINNED _FIXEI)-I’INNEI) PINNED-PINNED
Iy K, I(o Koo Ko Koo Ko Ko
Mean| o [ N [ Mean| o | N | Mean| o[ N | Mean| o [ N
CF 36.9 6.9 3 (31.8 [4.7] 3 656.5 282.4 134.0 87.4
TF 10.5 1 7.0 1 |524.2 349.0 | 157.2 89.2
CE 2.4 10.4] 3 1.8 |0.3] 3 }751.8 390.2 122.6 70.1
TE 67.5 1 |]58.0 1 7.1 1 4.5 1 271.3 313.2 114.4 64.9
CL 6.0 |1.7] 3 3.3 |04 3 2.0 ]0.5] 3 1.0 |0.2) 2 805.5 435.5 172.0 101.5
TL 9.3 1 6.4 1 317.6 242.5 182.7 116.1

o = Standard Deviation; N = Number of Tests.

was evidenced by a constant cyclic modulus magnitude
and a repeatable load-deflection response. Hopefully,
after cyclic conditioning, the responses from one load-
ing mode to another can be modeled using viscoelastic
parameters which do not vary with time. The speci-
men could be returned to the fully equilibrated state
by keeping it wet with isotonic saline in the refrigera-
tor for 24 hours. Fung, who observed this phenomenon
in other soft biological tissues, referred to this state as
a preconditioned state (18). Figure 5 shows a typi-
cal family of moment conditioning cycles, while Ta-
ble 3 provides the cyclic modulus for the various test
modes. The instantaneous or fully equilibrated cyclic
modulus Ko (N-m/Radian) was computed as the ra-
tio of the maximum moment and the bending angle.
The mechanically stabilized or preconditioned cyclic
modulus K, was the above ratio after 40 cycles.

CONSTANT VELOCITY TESTS - Constant ve-
locity tests were conducted on the mechanically sta-
bilized spines using triangle wave deformations at fre-
quencies of 0.01, 0.1, 1.0, 5 Hz, and, for some speci-
mens, 10 Hz. The maximum ram displacement used
for these test was the same as the maximum ram
displacement used in the relaxation and cyclic tests.
Thus, the deformation rate was varied by a factor of
500-1000.
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Figure 5: Typical Cyclic Test Envelope

Typical constant velocity moment-angle curves are
presented for human and Hybrid III cervical spines in
the pinned-pinned and fixed-pinned test configuration
in Figures 6 and 7. All of the curves exhibit a l}arden-
ing response (increasing stiffness) and hysteresis. The
human and Hybrid III responses are fundamentally dif-
ferent. The Hybrid III shows the classic linear vis-
coelastic response of increasing stiffness with displace-
ment rate while the human shows little change in stiff-
ness or hysteresis over the rate range tested. Since
these features of hysteresis, relaxation, and stiffness
are not very sensitive to the rate of strain, simple lin-
ear viscoelastic models would not be appropriate pre-



TADLE 4. CYCLIC STIFFNESS (N-m/rad).

HUMAN 18t CYCLE HUMAN 40th CYCLE HYBRID I1II
FIXED- PINNED- FIXED- PINNED- FIXED- | PINNED-
MODES PINNED PINNED PINNED PINNED PINNED | PINNED
Mean | 0 [N | Mean | ¢ [N | Mean | ¢ |[N | Mean]| ¢ |[N | Mean Mean
CF 206.3 1 4.911.4] 3| 105.0 1 4.3 10.913]| 567.3 153.2
TF 27.6 1 16.1 1] 28.1 1 14.0 1] 1216.4 185.2
CE 2.0 1 1.8 1 2.7 1 2.4 1| 868.5 173.9
TE 710.1 | 137.5
CL 7.8]1.9] 3 2.4 10.3] 3 8.0 13.9}3 2.3 10.3} 3] 1054.2 209.5
TL 202.0 1 13.2 11142.3 1 9.8 1] 957.1 232.5
TABLE 5. CONSTANT VELOCITY STIFFNESS (N-m/rad).
HUMAN HYDRID 111
MODES | FIXED-PINNED | PINNED-FPINNED | FIXED-PINNED | PINNED-PINNED
Mean | ¢ N Mean | o N Mean Mean
CF 29.9 ) 2.6110 8.1 10.7 5 589.1 150.8
TF 41.81 5.6 5 |14.8 1.3 5 608.4 199.0
CE 2.8 (0.6 9 795.7 122.5
TE 309.0 |26.9f 5 {10.3 |1.2 11 232.1 138.8
CL 8.7 | 0.6]10 3.1 1.0 17 898.9 190.9
TL 254.1 1346} 5 |13.0 }1.9 5 442.0 226.1
4.0 301 142
FIXED-PINNED
.5+
3 1 Hz 25_
3.0+ 0.1 H
T 254 P o
z 2 0.01 Kz ! e z
K 2.0 AT = 154 0.1 Hz
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Figure 6: Typical Constant Velocity Profile for Figure 7: Typical Constant Velocity Profile for

Human Cervical Spine
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Hybrid III Neckform



dictors of the time dependent human spinal bending
responses; and the more complex Maxwell-Weichert
quasi-linear model is required (6).

Table 5 shows the stiffness averaged over four rates
and all specimens. Three distinct tests of the Hy-
brid IIT were performed so that each value represents
the mean of 12 tests. Several observations are appar-
ent from this data. First, there are significant differ-
ences between the bending stiffnesses of the cadaver
cervical spine and the Hybrid III. Second, there are
significant differences in the bending stiffness of the
cadaver cervical spine in the different modes. Tension-
extension was the largest with a stiffness of 125 N-
m/Radian, fixed-pinned and 15 N-m/Radian, pinned-
pinned. Compression-lateral was the smallest with a
stiffness of 10 N-m/Radian, fixed-pinned and 2.6 N-
m/Radian pinned-pinned.

Figure 8 shows a typical response pattern for the
human cervical spine to the various combined bending
and axial loading modes. Figure 9 shows a typical
response pattern for the Hybrid III.

FAILURE TESTS - After the battery of viscoelas-
tic tests was accomplished, a constant velocity fail-
ure test at 0.1 Hz was performed. This rate was
used so that flouroscopic images of the specimen mo-
tion could be obtained. All failure tests were in the
compression-flexion mode (CF). After the tests the
specimens were examined with magnetic resonance im-
agin éMRI) and computerized tomographic radiogra-
phy (CT), then dissected. Table 1 provides the maxi-
mum moment axial force and shear force applied to the
specimen and the bending angle at which these peaks
occurred. The first four tests (1C, 2C, 3C, 4C) were
performed in the pinned-pinned mode and the remain-
der (6C, 7C) were tested in the fixed-pinned mode. In
the pinned-pinned configuration the specimens were
very flexible and were able to bend through on av-
erage of 45 degrees without an unstable dislocation.
These specimens contained C; through T; and seven
intact intervertebral structures. This is approximately
6.4 degrees per vertebral level. The shear forces were
very small. The axial forces were low enough that
the major stresses were due to the bending moment.
The primary failure mechanism was disruption of the
interspinous ligaments (ligamentum nuchae), the lig-
amentum flavum and capsular ligaments. There was
also minor anterior wedging of the middle vertebral
bodies and discs. In the pinned-pinned configuration
the moment is maximum in the middle of the speci-
men. This may be the reason that the most frequent
spinal cord injury level observed clinically is C4 - Cj5
and C5 - Ce (5 .

In the fixed-pinned configuration much larger ax-
ial forces are required to produce the same bending
moment because the shear force produces a counter-
acting moment. This is reflected in the failure mecha-
nisms by superimposing compressively induced failures
((wedging of bodies and discs) to the posterior tensile
ailures due to bending.

Figure 10 shows a composite of the moment-angle
diagrams for the failure tests. The maximum moment
ranged from 3.01 to 14.6 N-m. This large range is
probably due to the variation in the size of the speci-
mens. Specimen 1C and 7C had much larger vertebrae
than the others as demonstrated by the CT scans.

DISCUSSION - This study demonstrated the com-
plex, time-dependent responses of the human cer-
vical spine and the Hybrid III neckform in com-
bined axial and bending deformations. In all test
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modes (tension-extension, tension-flexion, tension-
lateral bending, compression-extension, compression-
flexion, compression-lateral bending) there was a large
difference between the responses of spines in the fully
equilibrated and mechanically stabilized states. In
all test modes, the time-dependent responses included
a significant viscoelastic exponential relaxation. The
hysteresis and stiffness of the human specimens was
only weakly dependent on strain rate.

There was a significant difference between the stiff-
ness of the cadaver cervical spines and the Hybrid III.
This was expected since the performance requirements
of the Hybrid III were based on human volunteer data,
and it is considered to represent a tensed human neck
while the cadaver spines have no musculature present
(19). The Hybrid III responses were the typical linear
viscoelastic type. That is, a linear differential equation
would provide an adequate model. The behavior of the
human cervical spine was more complex, however, and
requires a quasi-linear model (6).

The bending stiffness of the cervical spine was sig-
nificantly influenced by the direction of the bending
moment, the types of end restraint, the magnitude
of the deformation, and the previous deformation his-
tory. After approximately thirty deformation cycles
a mechanically stabilized state was attained that pro-
vided repeatable load-deformation responses. The ten-
sile modes were consistently stiffer than the compres-
sive modes. This may be due to a shift in the neutral
axis toward the tensile side which pre-tensions slack
ligaments and reduces the eccentricity.

Simple beam theory predicts doubling of the ben-
ding stiffness when comparing pinned-pinned and
fixed-pinned ends. These tests showed an increase in
stiffness of approximately eight times. The test ap-
paratus used in these tests (and by most other re-
searchers) constrained the pinned end to move in a
straight line. This produced a shearing force which,
acting over a relatively long moment arm, stiffened
the specimen. This shearing force not only changes
the moment acting on the specimen but also influences
the failure mode. Several researchers have tested cer-
vical specimens without well controlled and monitored
end conditions. Most other works report only the ax-
ial load. These experiments indicate that when the
loading is eccentric (as it almost always is), the pri-
mary deformation mode is bending; and the moment
applied to the specimen is strongly influenced by shear
forces and the magnitude of the eccentricity. The ax-
ial load is therefore a poor indicator of the type and
magnitude of failure stresses.
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