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In vitro multi-axial bending testing using pure moment loading conditions has become the standard in
evaluating the effects of different types of surgical intervention on spinal kinematics. Simple, cable-driven
experimental set-ups have been widely adopted because they require little infrastructure. Traditionally,

Keywords: “fixed ring” cable-driven experimental designs have been used; however, there have been concerns with the
Spine biomechanics validity of this set-up in applying pure moment loading. This study involved directly comparing the loading
Bioengineering state induced by a traditional “fixed ring” apparatus versus a novel “sliding ring” approach. Flexion-extension

Spine testing
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bending was performed on an artificial spine model and a single cadaveric test specimen, and the applied
loading conditions to the specimen were measured with an in-line multiaxial load cell. The results showed
that the fixed ring system applies flexion-extension moments that are 50-60% less than the intended values.
This design also imposes non-trivial anterior-posterior shear forces, and non-uniform loading conditions
were induced along the length of the specimen. The results of this study indicate that fixed ring systems have
the potential to deviate from a pure moment loading state and that our novel sliding ring modification
corrects this error in the original test design. This suggests that the proposed sliding ring design should be

used for future in vitro spine biomechanics studies involving a cable-driven pure moment apparatus.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

In vitro experimental assessment of spinal implant devices and
surgical techniques is important to the development and design
optimization of new clinical technologies. These studies typically
compare spinal flexibility between intact and treated cadaveric
specimens in multiple anatomic directions. Among the methods of
acquiring such data, pure moment biomechanical conditions are
preferred because they ensure uniform loading along the column of
the spine easing the comparison of techniques and technologies
with previous literature (Wilke et al., 2001; Wilke et al., 1998). A
variety of systems are used to apply pure bending moments to the
cadaveric spine, including 6-axis testing machines (Beaubien et al.,
2005; Kotani et al., 2005; Wilke et al., 1994; DiAngelo et al., 2004;
Schwab et al., 2006; Kotani et al., 2006; Panjabi et al., 20073, b;
Panjabi, 2007; Crawford et al, 1995), suspended deadweights
(Melcher et al., 2002; Puttlitz et al., 2004; Goel et al., 1988; Stanley
et al., 2004), and cable-driven systems (Crawford et al., 1995; Acosta
et al., 2008; Barnes et al., 2009). The cable-driven test set-up applies
a couple via a continuous loop of cable that is wound around a
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“loading ring” attached to one end of the spinal segment. Since its
development by Crawford in the mid-90s (Crawford et al., 1995), the
cable-driven pure moment method has been widely adopted due
to its simplicity and relatively low infrastructure requirements (it
requires only a uni-axial testing frame). Recently, it has been called
into question whether the cable driven pure moment test design is
capable of generating a pure moment loading state (Panjabi, 2007).

The goal of this study was to determine whether the cable-driven
pure moment apparatus generates accurate, consistent loading
conditions for a range of possible multi-axial spinal testing
scenarios. We considered differences in applied loads generated by
the “fixed loading ring” design, which has been used historically for
cable-driven pure moment testing(Crawford et al., 1995; Acosta
et al,, 2008; Barnes et al., 2009), and a modified “sliding loading ring”
system that was developed by our group to address the limitations
of the fixed ring design.

2. Methods and materials
2.1. Biomechanical testing set-up

The applied loading conditions for two different cable-driven pure moment
set-ups were evaluated using an artificial lumbar spine model. The 5-segment
spine model was constructed from common laboratory materials. Briefly, this
model consisted of wooden cylinders simulating the lumbar vertebrae (50 mm
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length x 50 mm diameter) and neoprene rubber pads for the intervertebral discs
(Shore durometer hardness 30, 15 mm height).

The artificial spine was tested quasi-statically in flexion and extension using
an established pure moment testing protocol (Crawford et al., 1995). Flexion/
extension moments were applied to maximum moment of 4.5 in 1.5Nm
increments with a 20 s hold per step. Three cycles were applied, and data were
collected on the final cycle. This maximum load level was determined during
preliminary testing to be well within the non-destructive testing range of the
artificial spine. The testing platform was a standard servohydraulic testing frame
(Mini Bionix 858, MTS, Eden Prairie, MN) with a uniaxial load cell mounted to the
actuator head (Fig. 1). Rigid body markers were attached to each vertebra in the
artificial spine construct, and a 3D camera system (Optotrak 3020, NDI, Waterloo,
Canada) was used to measure the relative motion of each vertebra (0.1 degree
accuracy). Multi-axial loads were monitored continuously throughout testing via a
multi-axial load cell (AMTI MC3A-6-500, Advanced Mechanical Technology, Inc.,
Watertown, MA) connected to the caudal end of the specimen.

2.2. Cable-driven pure moment systems

The “fixed ring” cable driven testing system used in this experiment was
identical to that described by Crawford (Crawford et al., 1995) (see Fig. 1). Briefly,
it consisted of a loading ring (72 mm OD) affixed to the cranial specimen cup. A
braided Spectra cable (200 1b capacity) was wound around the loading ring in the
appropriate configuration to either induce flexion or extension. The cable was then
routed to the actuator of the test machine via low friction pulleys attached to a
static frame. The position of the pulleys was adjusted at the beginning of the test
to achieve co-linearity of the cables as they extended from the loading ring.

The “sliding ring” test set-up was identical to the fixed ring set-up except in
the design of the loading ring (see Fig. 1). A set of bearings—one in the axial
direction and the other in the anterior-posterior direction—were rigidly attached
to the cranial specimen cup, and the loading ring was allowed to float along these
bearings. In the axial direction, the loading ring was counter balanced by light duty
springs.

2.3. Specimen configurations

The fixed versus sliding loading ring test set-ups were compared for several
different test specimen configurations. For the 5-segment spine model, tests were
performed with and without standard bilateral posterior spinal screw-rod fusion.
The 5-segment model was then sequentially “dissected” to 2 segments, with
biomechanical tests performed at each different specimen length. Lastly, pure
moment tests were conducted on fresh-frozen human cadaveric tissue (N=1,
L3-S1, 48 y.o., female).
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2.4. Outcome measures

Fixed vs. sliding ring designs were compared across several outcome measures
throughout the flexion-extension bending cycle: (1) intended versus applied
moment, where “intended moment” is the desired load level (4.5 Nm maximum in
increments of 1.5Nm), and “applied moment” was the moment actually
experienced by the specimen (measured by the multi-axial load cell); (2)
anterior—posterior shear loads; and (3) range-of-motion (ROM) at each inter-
vertebral level. A true pure moment loading state would be indicated by a one-to-
one relationship between intended and applied moment, zero anterior-posterior
shear forces, and—for the artificial spinal section only—equivalent ROM at each
intervertebral level (due to geometric and material heterogeneity).

3. Results

For the fixed ring set-up, FE moments were 52-59% less than
intended values (Table 1), and anterior-posterior shear forces
reached 10.3 N. FE ROM decreased cranially-to-caudally for the 5
level specimen from 2.6 degrees at the L1/L2 to 0.4 degrees at the
L4/L5 motion segment. Shorter spinal sections (i.e. 4, 3, and 2
levels) demonstrated resultant loads that were opposite in
direction from the intended loading, i.e., extension moments
while flexing forward, and had relatively higher anterior-
posterior shear forces of 12.6-15.7 N. Increasing specimen
rigidity did not mitigate loading artifacts (see Table 1).

For the sliding ring set-up, specimen length and rigidity had
little effect on resultant loads (5.8% maximum variation across all
configurations). Differences between resultant and intended
moments were 3.8-9.0% across all test configurations, and shear
forces ranged from 3.6 to 6.6 N. Flexion-extension ROM were
consistently in the range of 6.2-7.2 degrees for all testing
configurations and intervertebral levels (Fig. 2a).

For the cadaveric specimen, FE ROM at L5/S1 was 9.8 degrees for
the sliding ring set-up versus 2.4 degrees for the fixed ring. The sliding
ring values are in-line with non-fixed ring, cable driven set-ups in the
literature (9-14 degrees (Tzermiadianos et al., 2008; Panjabi et al.,
1994)) (Fig. 3).

Fig. 1. Schematic of the cable-driven pure moment test set-up. Both fixed and sliding ring designs are shown.
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Table 1
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Results from biomechanical testing on artificial spine using the fixed ring test jig. Data are presented for maximum intended moment ( + 4.5 Nm) in flexion-extension. (+)

Flexion, (+) Anterior.

No. spinal levels Normal/Fusion Range-of-motion (deg) Applied moment (Nm) Anterior-posterior shear (N)
Sliding ring Rigid ring Sliding ring Rigid ring Sliding ring Rigid ring
5 Normal 20.6% 4.1 4.3 1.9 6.6 10.3
5 Fusion 8.1% 2.9? 41 1.5 5.7 129
4 Normal 20.6 6.3 43 14 6.2 14.1
3 Normal 131 49 4.3 1.0 4.2 15.7
2 Normal 6.2 3.5 43 0.3 3.6 12.6
% ROM of the superior most motion segment of the 5 level pseudo segment was not recorded.
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Fig. 2. Moment-angle curves for pure moment testing of 5-level artificial spine (unfused). (a) Sliding ring set-up; (b) fixed ring set-up.
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Fig. 3. Intended versus applied moment for the sliding and fixed ring set-ups. The
applied moment was measured from the load cell at the base of the specimen.
Results are presented for the unfused, 5-level artificial spine specimen.

4. Discussion

The results of this study indicate that the standard fixed ring
cable-driven pure moment system (Crawford et al., 1995) has the
potential to deviate from a pure moment loading state and that
our novel sliding ring modification corrects this error in the
original test design. In this study, fixed ring system moments
were 50-60% less than the intended values. This design also
induced non-trivial shear forces, and non-uniform loading condi-

tions were induced along the length of the specimen, as was
evident from variations in segmental ROM for the uniform
artificial spine specimen.

These artifacts may be attributed to two inherent shortcomings of
the fixed ring design. It has been previously asserted that (Panjabi,
2007) cable co-linearity cannot be maintained throughout testing
without manual adjustment of the pulley position at each load
interval. Manual adjustment does introduce a high level of user error
into the protocol; however, preliminary studies by our group
indicated that cable co-linearity was not the principal contributor to
the loading artifact. The more likely culprit is a “tethering” effect
present in the fixed ring design. The fixed length of the cable used to
induce the moment inherently couples the anterior-posterior and
axial translation of the loading ring, which, in the case of the fixed
ring set-up, is rigidly attached to the cranial end of the specimen. This
“tethering” can cause erroneous reverse loading at the base of the
specimen. This artifact is not present in the new sliding ring design
because the translation of the cranial end of the specimen is
decoupled from the loading ring via the bearings.

Deviation from pure moment loading conditions alone would
not invalidate previous studies that have used the fixed ring
technique, as most make use of a repeat-measures test design.
However, the fact that the magnitude of the error depends on the
inherent rigidity of the specimen does call into question the
results of previous studies in which treatment groups varied
substantially in terms of rigidity. Furthermore, our results
indicate that inter-study comparisons of similar treatments may
be confounded by differences in test specimen length. The new
sliding ring test system corrects these errors in the cable-driven
pure moment test design by inducing the prescribed pure
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moment state regardless of specimen length or inherent rigidity.
For this reason, we recommend that the sliding ring technique be
used in place of fixed rings for all future studies involving the
cable-driven pure moment approach.
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