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ABSTRACT

Cudiaveric tesfing tva mainstay of infury dharacterization and the development of hman tolerance
carridors. In particular, cervical spine tolerance data are ofien obrained from segmental and whole
cervival spine fesiing of cadaverie specimens. These spectmens experimemally represent o comypliant
st that moves imitially by rofation of the vertebrae, afiraptly stiffons, and then fails at refatively low
oy As o consequence, atfempls (o estimate whele spine behavior from segmental fest resules can lead
te significant errors. Moreaver, gfforts o model these experiments can vield surprisingly poor precicrive
abiitv. Carefil examination of the stiffness assoctated with the mechanical coupling of the cadaver spine
and fest frame lnkage friction may help explain and reduce these errors. For example, obyervations of
the effects of linkage friction with the testing equipment and sétup wsed v a tensile test study led 1o the
Inclusion of basie frictional effects in a developed computational model.  The incorporation of friction
improved the computational model's prediction by 70% throughout the loading vange ) N - 220 N).
Similarly, aceounting for coupling effects of the test specimen also reduced ervors in predicred whole
spine behavior fv 30% during tnittal model development. The resulting computational model prediction
was within the experimental response corridors. These dara illusirate the need 1o fully characterize and
describe the tesi frame and fest methodology nsed fo develop human biodvnamic mpdels,

INTRODUCTION

ata required to study cervical spine injury may be obtained through clinical observations and

lnboratory testing. Often, experimental testing réquires not only an understanding of cervical spine
biemechamics, but also on sppreciation of the nuances associated with the mechanical apparatus and
equipment used to create clinieally observed injuries or biomechanical behavior in o laboratory selting.
Cadaveric cervical spine testing can take many forms. Testing of a whole cadaver, 8 whole eervical spine
with associoted ligaments and sofl tissue inthet, a single motion sepment, and mdividunl anatomic
components are all utilized to obtain properties and descriptions of behavior necessary for modeling.

Recently, the occurrence of cervical spine injuries resulting from air-bag deployment hos lead researchers
1o hypotheses concerning the important contribution of tensile loading in the mechanism of these injurics.
Crccupant mteraction with air bags can produce tensile neck loading that may result in serious and fatal
nieck injuries even for low velocity collistons (SCI, 1998; Maxeiner and Hahn, 1997; Hlacksin, 1993,
Perez, 1996; Kleinberger and Summers, 1997), As linle tensile humun wierance datn {Mertz and Patrick,
1967, 19712 Clemens and Burow, 1972; Cheng ¢t al., 1982, Shea et al,, 1992: Yoganandan et al., 1996)
exists (o describe the mechanisms and tolerance of fnjury of the human neck, developing guidelines and
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evaluntions of modifications in air-bag design or other additional injury prevention strategies remains
challenging. Because several research efforts are currently underway to charcterize tensile cervical spine
behavior and investigate the mechanisms of tensile-related injuries {Van Ee et al., 2000, Yoganandan and
Pintar. 1999, Ching, 1999), particular attention needs to be given to experimental test variables associated
with tensile test protocols: During an ongoing tensile testing study (Van Ee & al., 2000, Van Ee et al,
[499) several observations were made in regard to mechanical behavior of the test setup, whoele cervical
spine testing, motion segment testing, and appropriate interpritations required for  reasonable
computational modeling.

While it is understood that nonideal mechanical behavior in the test device creates errors in test results,
the extent of lts importance in fensile neck testing hus not been described. One such phenomenon
nasociated with testing is friction. 'When a test apparatus allows motion in a paricular degree of freedom,
the resulting free motion is opposed by frictional effects. Low-friction materials, lubrication, and sliding
or rolling bearings assist o designer in minimizing friction; however even low [riction systems may
significantly alter mechamcal behavior, Testing, like tensile studies, thal creates large nommal forees on
hearing surfaces may be prone 1o friction. Test frame stiffness, including mechanical coupling of the
specimen, can also influence experimental measured structural properties. Therefore, the purpose of this
paper is 1o examine the effects of system friction and test frame stiffness on predicied neck tensile
behavior.

METHODS

Unembalmed male human cadaver specimens from the head through T2 were obtained. Medical records
and pretest radiographs of the speeimens were examined 1o ensure that there were not any unrecognized
spinal pathologies that might degrade structural imegrity, The mandible was removed to allow
visunlization of the upper cervical spine and allow for application of load to the maxilla. T1 and T2 were
cleaned of muscular tissue and cust inte an aluminum cup with reinforced polyester resin and polymethyl
methacrylate (PMMA) allowing free motion at the C7-T1 level. Casting of T1-T2 was performed with
the T1 vertebra oriented 257 down from the horizontal (-25° pitch) in the casting cup to preserve normal
cervical lordosis (Matsushita et al., 1994). The skull was coupled o the head mount platform using bone
serews and fiber reinforced aerylic. The head was cast so that the head mount frame was parallel to the
Frankfurt plane. Core was taken to allow full motion at the Occiput-Cl level. An optical marker was
placed on the specimen to approximate the head CG.

The head and neck were then placed in the experimental test frame (Figure 1), The test fixture applied a
pure vertical load (based on the global coordinate system) sl the center of the rotational bearing,  Pure
tensile loading was obrained by use of the linear and rotmtional bearings coupling the head to the
hydraulic actuator. An RVDT located at a rotational bearing quantified head rotation. Two LVDTs were
used to monitor the hydraulic actuator position and the linear bearing position. Either of the two cranial
collected using a digital data acquisition system (National Instruments; Austin, TX).

Initial position for testing was esiablished by positioning the head mount platform within the head
carriagge of the experimental frame so that the loading axis (bearing rod) was aligned through the
approximate head CG and the Frankfurt plane was horizontal. The ram position was adjusted 1o achieve a
compressive load of 22 N (the weight of the lower cast) resulting in a no load condition at the C7-T1
motion segment,
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Figure 1. Test fixture used for tensile lest experiments. The fixture produces a pure vertical
load at the center of the rotational bearing by minimizing the shear and rotation through
the use of the linear and rotational bearing respectively. Both the linaar and rotational
degrees of freedom can be fixed to apply varying end conditions

The tests for each specimen are summanzed in Tahle |. Following the nondestructive whole cervical
spine tests, the specimen was removed from the load frame and sectioned for motion segment testing.
The spine was sectioned between C3-C4 and C3-C6 to give three intact and functional motion segments
for testing, including the adjacent vertebral bodies, the intervertebral dise, posterior longitudinal ligament,
igamentum flavum, anterior longitudinal ligament, and intact articular focet capsules. The resulting
segments, Occiput-C2, C4-C5, and C6-C7, were then cast individually to produce three motion segment
test specimens. A single vertebra was cast using supra-pedicular loops traveling from the casting material
through the vertebral foramen over the pedicle and back through the transverse foramen.

Corridors lor the average response across specimens for each cranial end condition and line of action
were defined by averaging the displacements and rotations across specimens at load steps of 20 N, The
corridor response was defined as the avernge displacement £ one standard deviation.  Tensile
displacement versus load responses were linearly regressed between 160 and 220 N, The slope was
defined as flexibility and the y-intercept as the low-load displacement.  Individual specimen motion
segment stiffness tests were regressed using the exponential function
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Table 1. Experimental Test Battery.
A, Non-Destructive Whola Cervical Spine Testing {Occiput-T1}

Test Description Lioading Location End Condition
2 mimis (o peak load 300 N
Flead-Fixed Tesi R i dinplacement Lo CcGE Flend

30 cycles of 0.5 Hz sine wawa with

Mechanical Siabifzation mesn and arpllitde of 35% L0 jole] Fixezd
Stiffness Test 2 mmie io peek load 300 N ] Fined
Fras
End Condition Tests 2 mmys o peak load 200 N oie Roiational Constrain
Translational Constraint
GG 3 cm anteror CG
Line of Action Test 2 mmis o peak load 200H Condyles 3 cm post Flxed
Condyles

B. Non-Destructive Motion Segmant Testing (Occiput-C2, C4-C5, C8-CT)

Tast Description Loading Location End Condition
Motion Segrment Seiup Dﬂ‘gm Lz ;ﬁl m&:‘:‘f u:ﬁ::;
Fined-Fieed Test Hsicor :&“;;;ﬁ:’;: " CG Fived
Mecharical Stablczation m;m’;mﬂ?zﬁ‘hm ce Fixed
Stiffress Tesl 2 mmia to peak load 300N cG Fixed
F = A(e"™ -1) i

Thie average tensile displacement versus load response from the fixed-fixed whole cervical spine tests and
the fixed-fixed motion segment tests were compared. A simple lumped parameter whole cervical spine
representation was formed from a combination of motion segment springs. The summed motion segment
responses were used to investigate the effects of frame stiffness, initial offsets, and low-load behavior
outside the more complex finite element rigid body representation developed for the tensile ligamentous
madel.

The cervical spine model presented by Camacho et al. (1997) that was validated for compression impacts
was used as a foundation for the tensile ligamentous model. The model consists of rigid body vertebra
and a finite element head coupled together by Kelvin solids (4 parallel spring and damper). In the sagittal
plane, two translational Kelvin solids and one rotational Kelvin solid couple the superior veriebra to the
next inferior vertebra (Figure 2). The joint kinetics are defined about the center of rotation (COR), The
COR is located at a node connected to the superior body and defined as the midpoint of the CG'S of th
adjacent vertebral bodies. The transiational Kelvin solids are connected to the COR and external nodes of
the inferior body which are 10 em from the COR in the X or Z direction.  Linear damping constants and
nonlinear spring properlies were determined by pure moment flexion-extension experiments and data
uvailable in the Titerature (Camacho et al., 1997},

The tensile properties of the joint models were revised based on the fixed-fixed whole ligamentous spine
stiffness test and the average motion segment stiffness response.  The fixed-fixed whole ligamentous
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spine test was used for model construction.  Individual motion segment tensile response curve shape was
defined based on the average motion segment stiffness response of the higamentous spine tests and
linearly extrapolated bevond load levels of 360 N,

A series of pulleys and weights were used to measure the friction of the linear translation slide with roller
bearing that supports the head carriage and allows free translation of the upper fixation during end
condition testing. Similarly, the force to overcome friction in the rotational bearing with rolling surface
contact was measured. The location and use of the bearings within the test apparatus are shown in Figure 1.

To simulate the experimental test apparatus, the friction of the translational and rotational beanngs was
muodeled using an elastic-plastic spring.  The trunslational spring had an elastic stiffness of 10,000 N/m,
yvield load of 3.5 N, and o tungent stiffness of 1 Nim.  The rotational spring had an clastic stiffness of |
Nm/deg, vield load of 0.75 Nm, and a tangent stiffness of 1.7x107 Nm/deg.

‘X S —
_] uxgernal pode
\ il
/Tl
lenske
troves |l
wpring — =
i wd

externinl node .
flexjip-cnienslion

nf TL _- - .
£ A I.' - bending spring sl COR
F
7
sheur
oLt korml
SPTINE

T1 Tised vy elobil wyuten

Figure 2. Schematic of the model of sagitial plane molion applied to the motion segment of C7-T1.

The response of the lipamentous model was validated by comparing the predicted displacement response
with the experimental response for free, rotationally constrained, and the translationally constrained end
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conditions. In addition, the model was validated against the line of action tests, Comparisons of ram
displacement, carriage translation, and carrlage rotation were made at tensile load steps of 20 N. RMS
error for validation and ¢rror source quantification was computed for each response using

T
RMS.__ = \{2{’“‘—'"@'} 2

]

whiere ¥ o was the experimental mean and ¥_ ., was the model prediction.

RESULTS

Head and neck tensile response was greatly influenced by the cranial end condition exhibiting both
decreases in stiffness of 60% and increases in the low-load elongation of 1000% as the end conditions
changed from lixed to free. Stiffness for the fixed, rotational, translational and free end conditions were
69, 56, 42 and 27 N/mm respectively, and low-load elongations were 1.1, 1.1, 6.5, and 10.5 mm
respeciively.

Motion segment stiffness was found 1o have only 2 moderate low load region. The average correlation
coefTicient for the exponential fits of individunl specimen stiffness response was 0.995 + 00,002, No
significant differences were found in the motion segment stiffness response at any of the 20 N load levels
(Figure 3). The motion segment stiffness properties were combined yielding an average motion segment
stiffess response function { Equation 3).

F=320(""™* - 1) (3)

Using this response, the simple representation of the whole cervical spine as a series of the motion
segments is less stiff than the experimentally observed whole cervical spine (Figure 4). Over the loading
region of 160 — 220 N, the average motion segment stiffness is 204 N/mm. Summing seven of these
average motion segment stiffnesses in series creates o whole cervical spine stiffness of 29 N/mm, which is
57% less stiff than the observed experimental whole cervical spine response (69 Nimm) over the sume
losd range. Comparing the simple series model response 1o the average experimental whole cervical

spine response, the RMS emor difference is 2.54 mm, three times the standard deviation of the
experimentul whole cervical sping response.

By considering the cffects of a measured frame stiffness of 900 Nimm ploced in series with each test
specimen, motion segment and whole cervical spine, reduces RMS error by 34%. This adjusiment is not
enough to match the simple spring model response o the experimental average whole cervical spine
response (Figure 5). A 300 N/mm spring in series with each motion segment eliminates 97% of the error.

Small eonstant deflections due to specimen coupling or frume compliance does not change the shape of
the measured response however it can reduce error (Figure 6). When an offset of 0.1 mm m each motion
segment is removed from the motion segment response, there 15 an overall 19% improvement in the
simple model. An experimentally unmesasurable slip of 0,05 mm between the specimen and fixation
material ot each fixation end can give rise (o a 0. mm offset in each test, and thereby significant error.
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Figure 3. Average stifiness response of Figure 4, Relative slifiness characleristics of
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Figure 5. A snapshot of the influence of several series stifiness contributions, like frame
stifiness, on the force defiection behavior of the simple seres model,
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Figure 6. Initial position efiects measured Figure 7. lllustration of the difference of
erar removal of 20 N of compressive

preload causes in the whole
cervical spine response in a
fixed-fixed test.

The removal of a pre-test compressive load resulis in no change in stiffness behuvior (withm u standard
deviation) and reduces the region of low load behavior. Indeed, less than 2% difference in stiffness in the
upper load range is observed. However, when the series model is adjusted for the removil 20 N of pre-
compression and compared to the pre-tension response, the difference is 25% less than the difference
shown in Figure 4. A single whole cervical spine response withoul pre-compression is less than 5%
differemt from the shifted average whole cervical spine response, Together, frame stiffness, low load
behavior due 1o preload, and small slippage displacements account for only 55% of the error observed in a
simple series model.

Modeling the friction of the translational and rotational bearings in the experimental apparatus was found
to significantly improve the low load predicted response and accuracy of the finite clement rgid body
ligamentous spine model. In the free end condition, modefing the effect of friction decreased the RMS
error by 68%, 75%, and 74% for ram displacement, carriage translation, and carriage rotation respectively
(Figure 8},

Neglecting the frictional forees led to errors in the low load (20-60 N) predictive ability of the model on
the order of 900% - 2000%. Modeling the effect of friction also resulted in a slip-stick phenomenon that
was also observed experimentally. The results of the slip-stick phenomenon resulted in discontinuities in
the slope of the response, particularly visible in the low-load region.
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Muodel predictions of the tensile force displacement response for the cranial end conditions of free,
ratation constrained and translation constrained were consistent with the experimental corridors ( Figure
4y, The model was found to predict the end condition responses with an average RMS error of 0.82 mm,
4.9 mm, and 2.3 deg which 1s 8%, 43%, and 11% of the full scale values for ram displacement, carriage
translation, and carriage rotation, respectively.  The corresponding average standard deviation across

Fz (M) Fz (M)
R -2 -t50 o <50 a 50 S 150 100 -0 il
5 A L i I i 25‘ 5 i i "
0 fe—sdt =&~ Expanmental Data ooermnrasaese ceun T
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Figure 8. The effect of friction on model pedormance for the free end condition is evident
particularly in the low load region,

specimens for these responses was LBO mm, 7.4 mm, and 23 deg for ram displacement, carrfage
translation, and carriage rotation, respectively. In that respect the model prediction was well within the
experimentil corridor when properly sccounting for the frame stiffness, no load region, and friction.
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Figure 8, The mode| predicted the response due Figure 10. The modal predicted the response due Lo

to cranial end condition within the tensile load eccentricity within the
experimental data corridors defined by expenmental data corridors defined by
ona standard deviation, one standard deviation

Similarly the model predictions for the effect of anterioposterior eccentricity of the tensile load, as
quunfified by the line of action tests, were consistently within the experimental corridors (Figure 10), The
model was found to predict the line of sction tests with an average RMS error of 1.4 mm, 6.2 mm, and 2.4
deg which is 10%, 36%, and 103% of the full scale for ram displacement, carringe translation, and
carrigge rotation, respectively (Figure 8).  The corresponding average standard deviation across
specimens [or these responses was 3.6 mm, 6.9 mm, and 2.4 deg Tor ram displacement, carriage
translation, ani carringe rotation, respectively.

DISCUSSION

Motion seoment {ensile stiffnesses exhibited a wide range with average Hnear stiffness properties for
lower cervical segments of 212 4 96 Nimm and a secant stiffness at 300 N of 253 £ 65 Nimm. Lo et al
(1982) reported preater linear stiffness properties of 381 + 136 N/mm {or lower cervical motion segments.
An analysis of the results of Liu et al. supported the finding of this study that no sigodficant differences in
stiffiess were found between spinal levels. Shea et al. (1991) reported cervical stiffness to range from
157 10 433 N/mm and alse did not find cervical level to significantly affect tensile stiffness.  White and
Panjabi (1990} reported a much lower cervical motion segment stiffness of 33 N/mm. The relatively wide
range of motion segment stiffness properties, 53 - 433 N/mm, reported likely reflect errors in frame
compliance, grip slip, no load repion, and the experimental response.

Considering frame compliance in this study was nol sufficient o completely resolve the difference
between a simple whole cervical spine model composed of motion segments in series (Figure 5) and the
experimental response. The measured [rame compliance produced significant difference (34%) in overall
measured stiffness response. The addition of a 300 N/mm series stiffness reduced the difference berween
the response huilt from series motion segment tensile responses and the average whole cervical spine by
47%. Such a low stiffness (observed motion sepment stiffness was 204 N/mm) in the mechanical system
external 1o the specimen is unlikely however and was not present in the current test frame or
methadology. Accordingly, ether factors not directly related to the test frame need 1o be investigated to
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guantify their effects. Small error may result from the pull-out of k-wires and bone serews from PMMA
(Flahiff, Gober, and Nicholas, 1995), PMMA and fiber remforced acrylic interaction, the strength and
bending propertics of k-wires and pedicle loops, and the application of the loading through the k-wires
and pedicle loops onto the vertebral bone,

A simple lumped parameter spring model (Figure 4 — 6) suggests additional biomechanical phenomena
influence the whole cervical spine model built from motion segment dats. The process of sectioning the
spine into motion segments disrupts ligamentous fibers, meluding the longitudinal and supraspinous
ligaments, that span several motion segmenis. Adams (1995) suggests this procedure, although extremely
useful, may led to an undercstimation of the contribution of ligament tensile strength.

An additional source of variation in behovior may result from loading through the low load or neutral
zone of a specimen.  Each tested specimen has potential anatomical and fixation backlash, similar to
hacklosh in mechanical gear systems, as the specimen underpoes compressive loading, no load, and then
experiences tensile loading. During these conditions, the application of compressive preloads to achieve a
no load state at C7-T1 could allow small displacement error. The number of segments required o build
the whole cervical spine model amplifies this distance and the resulting behavior. The 0.5 mm change
(10% of full scale displacement in the fixed-fixed stiffness tests) associated with 20 N of axial force is
only 0.2 mm less than that projected in 3 simple model based on seven mation segment responses if each
had a 0.1 mm offset. The replacement of compression with small tensile preload only slightly changes
the higher load stiffness behavior (less than 2%) but effectively shifits load-displacement hehavior (Figure
f). The use of tensile preload in specimen testing for tensile behnvior is simuilar 1o common
manufacturing practice for the use of extension springs,

The importance of accurately modeling the experimental conditions was also evident with the effect of
friction on model predictions.  While the frictionul loads were less than 1.5% of the full scale rensile
londs, thee effect on model Kinetics was large and needs 1o be accounted forin the model,

CONCLUSIONS

Data collected through the use of a uniform tensile test methodology was used in the development and
validation of computational models of the cervical spine. While the series arrangement of spinal motion
segments into & whole spine model appears to be a simple task, significant errors were produced.
Consideration of the non-idesl features of the test frame including friction, test frome stiffness, and no-
load initial position siginificantly reduce by hall, but do not eliminate, these errors. As such whole spine
testing is still required to design and validate whole spine models. By using the structural responses of
the whole spine and the motion segments with experimental enviromment factors, a4 computational
ligamentous spine model was developed which was free of these errors and suceessfully validuted against
a variety of tensile loading conditions. The model predicted the mean experimental response with an
average RMS error less than the average standard deviation across specimens.
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