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Abstract: Mew fusionless devices are being developed to get
over the limits of actual spinal surgical treatment, based on
arthrodesis. However, due to their recentness, no standards
exiat to test and validate those devices, especially concerning
the wear. & new tribological first approach to the definition
of an in vitro wear protocol to study wear of flexible and slid-
ing spinal devices = presented in this article, and was
applied to 8 new concept. A simplified synthetic spine por-
tion (polyethylene) wes developed to reproduce & simple
supra-physiological spinal flexion (107 between two wverte-
brae). The device studied with this protocol was tested in wet
environment until 1 million cycles (Mc). We obtained an

encouraging estimated wear volume of same order of magni-
tude compared to similar devices. An associated finite ale-
ment (FE} numerical model has permitted to sccess contact
information and study the effect of misalignment of one
screw. First results could point out how to improve the
design and suggest that a vertical misalignment of a screw
{under or over-screwing) has more impact than & horizontal
one. & 2016 Wiley Periodicals, Inc. J Biomed Mater Res Part B: Appl
Biomater, 1088: 104-111, 2018.
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INTRODUCTION

The most common surgical spinal treatments are based on
arthrodesis, assocated with metallic impnlzmls.1 correcting
and fusing the pathologic spine. This current treatment is
not suitable to preserve spine biomechanics, and could
induce new pathologies such as adjacent segment degenera-
tion.® To overcome those limits, new “fusionless” implants
are being developed. Some implants are composed of flexi-
ble rods™* aiming at better distributing the loads between
the device and the spine and allowing some mobility to
avoid fusion. Others combine metallic rods and sliding
screws, allowing mowvement of the spine. Howewver, these
sliding systems present some issues such as the metallic
wear debris released®?® and the high stiffness of the devices
that could lead to pullnulsm and spontaneous fusions.''*
To overcome such issues, a new device has been designed,
combining flexible rods and sliding screws. Composed of
pedicle screws containing inside their head a holed rotating
ball {ceramic), this implant is conceived to allow movement
of the rod through rotations [3 degrees of freedom, dof)
and translation [1 dof). Moreover, the device is made of flex-
ible rods [PEEK) that aim to allow movemnent of the instru-
mented spine, preserving spinal biomechanics.

One main issue concerning sliding devices is their wear
behawvior. The existing spinal standards are adapted to
fusion rods (such as ASTM F1717** or 150 12189%*) or total
disc prostheses (such as IS0 18192'S or ASTM F2423'%)
and cannot be used to study the wear behavior of sliding
devices. To the knowledge of the authors, the work done by
Singh et al.'” is the only one studying the in vitro wear of a
sliding spinal system, composed of metallic rods® adapting
an existing standard.** Yet, this protocol imposed a limited
flexion of *=3° to the rods, not adapted to test flexible
devices.

A new experimental approach to study the wear behav-
ior of new flexible and sliding spinal systems is presented
in this article and was conceived to realize an overall sagit-
tal flexion of 40° over 5 vertebrae, corresponding to 107 of
flexion between two consecutive vertebrae. This set-up was
applied to a new prototype of flexible and sliding system.
The proposed protocol, conceived to be easy to set-up and
reproducible, enables to test a portion of a flexible and slid-
ing spinal device, subjecting it to a simplified spine kinemat-
ics. The experiment has been modeled in finite elements
[FE] to access contact information inside the screws and
study the effect of misalignment of the screws that could
occur during implantation.
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FGURE 1. Experimental set-up, with the tested prototype implanted

MATERIALS AND METHODS

Description of the experimental set-up

Synthetic spine kinematics. The experimental set-up is
composed of a synthetic portion of spine made of polyethyl-
ene, with 5 blocks representing 5 lumbar vertebrae adapted
from literature.!” The overall sagittal flexion is about 40°
approximately 10° between two adjacent vertebrae, simulating
a supra-physiological flexion of the spine.’s‘m The synthetic
spine was rigidly fixed, at one extremity, to a dynamometer
through two anchorage screws (Figure 1). Flexion of the syn-
thetic spine was achieved by an eccentric linked to a rotating
motor controlled in speed (120 rpm, corresponding to a rota-
tion frequency of 2 Hz*). This set-up is designed to receive a
flexible and sliding spinal device composed of pedicle screws
and rods.

Application to a new flexible and sliding spinal
device. This set-up was applied to a new prototype of flexi-
ble and sliding system. A portion composed of one locking
non-deformable screw (screw 1 in Figure 1), two sliding
ones (screws 2 and 3 in Figure 1) and a flexible rod was
implanted. The center of the screw head was situated at
75* 0.5 mm from the surface of the synthetic spine. Two
adjacent screws were spaced of 50 mm, corresponding to
two vertebral levels. The device rod is 150 mm long with a
diameter of 5.5 mm. Wear tests were conducted in bovine
serum environment (Dutscher SA) with a proteins concen-
tration of 20 g/L'° until 1 million cycles (Mc).

Measurements. A thermal camera (FLIR SC655) was used
to validate the non-overheating of the tested device rod at
the used rotation speed in dry condition, which was the
most unfavorable condition. The maximum temperature was
measured on the rod in contact with the second sliding
screw (screw 3 in Figure 1), and remained below 50°C, cor-
responding to one third of the fusion temperature of the
tested material (Figure 2).

*Below the maximum of 5 Mz recommended by standards'®

FIGURE 2. Thermal control during the wear tests

Anchorage forces were measured with a dynamometer
(KISTLER® type 9257B, —5 to 5 kN) with and without the
device, at a measurement frequency of 10 Hz over 10 flex-
ion cydes, reproduced 3 times. Those forces were used for
validation of the finite element (FE) model, and device char-
acterization: the difference of the maximum anchorage
forces between the two configurations gives a value of the
stiffness increase brought by the device.

Without disassembling the device from the synthetic
spine (Figure 3), surface roughness measures were accu-
rately characterized through optical measurements using
the chromatic confocal sensing coordinate measuring
machine (Micromesure2, ST 1L%, resolution about 40 nm in
measurement direction). The critic linear wear profile was
measured on the rod below the second sliding screw on a
line of 25 mm with a 4-pm step, at different period stops.
From these lines, the maximum wear depth evolution and
the total sliding length were determined. Total wear volume
was then extrapolated from the last critical linear wear pro-
file (after 1 Mc) with a computer-aided design software
reproducing the last passage of the ball sliding on the rod
(Figure 4). The last profile was measured 6 times to evalu-
ate the reproducibility of the measurement procedure, mea-
suring the average and standard deviation of the maximum
wear depth as well as the extrapolated wear volume. The
lower/upper confidence bounds of these averages

FIGURE 3. 3D non-contact measurement system and the synthetic
spine
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FIGURE 4. Extrapalation of the wear wolume from the measured critic
linear wear profile

[maximum wear depth: =04 pm and wear wvolume:
+0.02 mm3] were estimated with a confidence interval of
95%.

Numerical modeling

Definition of the finite element (FE} model A three-
dimensional FE model of the experimental set-up was devel-
oped in Abagqus software [vé.ll, SIMULIA®, see Figure 5).
The model is composed of 3 main parts: the synthetic spine,
the eccentric, and the tested device.

The movement of the synthetic spine was reproduced as
realized in the experimental set-up. The eccentric part was
modeled as a cylinder, assumed as a non-deformable rigid
body pilobed with a reference point [RPe, Figure 5A). This
point was connected to another reference point represent-
ing the rotating cenmter of the machine [RPr, Figure 5A)
through a beam connector. Rotation of 360° was applied to
the RPr to realize one complete cycle.

The synthetic spine was meshed with 61,903 guadratic
tetrahedral elements with a global element size of 5 mm,
refined at the folds and the groowve. Mesh dependency was
tested on a twice refined mesh. The eccentric was meshed
with 3,509 quadratic tetrahedral elements.

The synthetic spine was assumed as linear elastic with
a Young Modulus of 1.15 GPa and a Poisson's ratio of 0.46.
The model was validated using anchorage forces measured
experimentally. The Young Modulus of the synthetic spine
was adjusted to fit the experimental anchorage forces
recorded with and without the flexible rod of the device.

Self-contact of the synthetic spine during flexion as well
as contact between the eccentric and the synthetic spine
groove were modeled with hard normal contact and with-
out tangential friction. The synthetic spine was clamped

through its two anchoring screw holes to reproduce the
experimental set-up.

The flexible rod of the tested device was modeled with
33,915 guadratic tetrahedral elements, as linear elastic with
a Young Modulus of 3.6 GPa and a Poisson's ratio of 0.4
[Ref. 19 and fabricant data). The locking screw [position 1
in Figure 5A) was modeled as a beam connector element,®
with all degrees of freedom blocked. The sliding screws
[positions 2 and 3 in Figure 5A) were modeled with a com-
bination of a 30-moedeled holed rotating ball and a connec-
tor to reproduce the behavior of the device [Figure 5B). For
both sliding screws, the holed rotating ball, originally situat-
ed inside the sliding pedicle screws’ head was assumed as a
non-deformable rigid body. This rigid body was controlled
by a reference point, located at its center [see RP in Figure
5B), and set at a distance of 75 mm from the top of the
vertebra, similar as the experimental implantation. This ref-
erence point was then connected the synthetic spine with a
join and rotation connector, allowing 3 dof in rotation,
enabling the holed ball to rotate around its reference point.
Contact between the holed rotating ball and the rod was
modeled with hard normal contact with a tangential friction
coefficient determined through pin-on-disc friction test [see
further section].

Measurement of the coefficient of friction of the sliding
screw. In order to characterize the friction behavior of the
device, friction tests were realized. Figure & presents the
experimental protocol used to obtain the coefficent of fric-
ton ([CoF] implemented in the finite element model,
between the holed rotating ball and the flexible rod. In the
presented experimental case, we used a rotating ball from
the device as the pin (material 2, ceramic)] and a standard
dumbbell test piece for the disc (material 1, PEEK]. A spring
system was used to control the applied normal forces, to
keep them as constant as possible and avoid rupture of the
ceramic ball. Using the Hertz contact law, the normal force
was fixed to 10 N to avoid plasticity of both materials. This
applied force induces a contact pressure of B3 MPa on the
polymeric sample, remaining below the elastic limit of the
material.

Friction tests were done in dry environment, with a dis-
placement back and forth along a straight line of B0 mm
[one cycle). We ran in the material with 1000 cycles of slid-
ing at a speed of 100 mmys, ensuring the non-overheating

=y

Rotating ball ¥

lodn + Rodatian
y, 3 dolsin rotatior
]

FGURE &. 30 modeling of the experimental sst-up. A: whole model, RPe repressnts the eccentric center, RPr the rotation center of the motor,
and 1. 2 and 2 the 3 screws implanted and modeled with connectors. B: detail of the sliding screw model with the use of a connector elerment

i=agittal view]
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FIGURE 6. Scheme of the pin-on-disc test to determine the friction
coefficient of the rod sliding inside the rotating ball of the device

of the samples by thermal control. Mormal forces (Fn) and
feed direction forces [Ff) were then recorded during 5
cycles at a speed of 10 mm/s with the same dynamometer
at an acquisition frequency of 100 Hz. At each measuring
point the ratio FifFn was computed and averaged to obtain
the coefficient of friction.

Tested configurations of the numerical model Once the
basic numerical model was created, it was modified to eval-
uate the impact of misalignment of one screw, the extreme
one [second sliding screw), on the behavior of the device.
To realize these configurations, the connector join and rota-
tion, modeling the extreme screw, was changed to slot and

Anchorage forces [N]
Anchorage forces (M)
I

rotation with a locking condition. The configurations done
were:

e Verticel misalignment: the extreme screw was “under-
screwed” or “over-screwed” from half or complete turmn,
i.e. 1.95 mm for this type of screw.

&« Horizontal misalignment: the extreme screw was
“implanted” not in the alignment of the two other screws
but deviated from 2 and 3 mm laterally.

Measured porameters. From the numerical modeling, the
maximum von Mises stress [MPa) of the rod and its locali-
zation were collected. The two sliding screws were also
studied: the total sliding length [mm), the maximum of con-
tact pressure on the rod induced by the rotating ball (MFPa)
and the maximum of the normal forces [N) were collected.

RESULTS

Experimental study

Stiffness of the device. Figure 7 represents the planar
anchorage forces (x- and p-directions are shown in Figure 1)
obtained during the experimental measurements with and
without the device. The implantation of the tested device
increased the maximal anchorage forces respectively by
40% and 26% for the x- and p-directions.

Wear tests. To reach 1 million cycles [Mc) at a frequency of
2 Hz, including several stops to measure wear, the global
experiment lasted around 8 days.

Maximum wear depths of the rod below the second slid-
ing screw at different stop points of the lubricated tests are
presented in Table I. The evolution of these depths is non-
linear; with a rapid increase before the 500,000 cycles,
reaching a maximum wear depth of 13 pm and a slower
decrease after, reaching a maximum of 152 =04 pm at
1 Mc

Figure 8 shows the critical linear profile on the rod
induced by the second sliding screw after 1 Mc. The rod
surface has been smoothed by the rotating ball during the

=With the device

Without the device

Tirne (s)

B

FIGURE 7. Planar experimental anchorage forces for the x-direction [(A] and the y-direction (B] with and without the tested device, during one

flexion cycle
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TAEBLE I. Maximum Wear Depths of the Rod Under the Second Sliding Screw, at Different Stop Polnts During the Experimental

Test
Cycles 3000 10,000 30,000 100,000 150,000 300,000 500,000 850,000 1 million
Maximum wear degth (wm} 1.5 25 35 B : ] 13 15 162

wear tests, compared to the non-worn zones. The sliding
length is about 20 mm and the reference wear wolume
extrapolated is 0.43 = 0.02 mm® fscrew/Mc.

Coefficient of friction of the sliding screw. The pin-on-disc
tests realized between the ceramic and the PEEK gave an
average friction coefficient of 0.11 = 0.01, implemented in
the numerical model.

Simulation results

Mesh dependency. The mesh dependency of the symthetic
spine was tested (without the device) with a mesh twice
refined; 130,000 elements (Mesh 2) compared to 61,903 of
the used model [Mesh 1). Anchoring forces are presented in
Figure 9; maximum forces differ at maximum by 1.1% and
1.3%, respectively on x- and y-axis.

Validation through experimental anchoring forces. Figure
10 shows the anchoring forces obtained numerically and
experimentally for one flexion cycle of the synthetic spine alone
[A), and with the device [B). The numerical curves (continuous
lines) correctly fit the experimental ones [dotted lines). The
addition of the tested device increased the maximal numerical
anchorage forces by 34% in both the » and y-directions.

Numerical tests results. Results for the two sliding screws
are presented in Table I, for the ideal configuration and the
tested screw misalignments. Most maximal wvalues coincide
with the maximal flexion of the device.

The maximum stresses on the rod were always observed
locally near the locking screw [screw 1 in Figure S5A),
approximately at the time step of maximum flexion. Around
90 MPa were measured at maximum for the ideal configura-
tion, and slightly modified by the mizaligned configurations
(7% at maximum).

The sliding lengths of the aligned configuration were of
10 mm for the central screw and 16 mm for the extreme

= End of the rod

O WO e MOV A P
=0 W
E |
El
5™ —
=4 .
= - L

.
-1z o
—
1B o
5 o 5 10 1% m LY

Position [mm]

FGURE B. Critical wear linear profile of the second sliding screw after
1 miillion cycles

one, and were not affected by the misalignments of the
extrems sCrew.

The normal forces are the forces on the p-axis of the
local reference for each screw, as shown in Figure 5(E); a
positive force means pullout, a negative one, compression.
In the ideal configuration, the central screw was subjected
to compressive forces of a maximum around 20 N and the
extreme screw to pullout forces of the same maximum
intensity. These forces were, respectively, reduced and
increased by an under- and ower-screwing of the extreme
screw; at maximum by 35% for the central screw and 30%
for the extreme screw for one turn displacement. Horizontal
mizalignments had no impact on those p-forces, however,
they induced new forces on the screws, opposite to the
direction of the misalignments [z direction, Figure 5B) of
maximum 17 N for the central screw and 7 N for the
extrems sCrew.

Figure 11 shows an example of the contact pressure on
the rod, induced by the rotating balls, for the aligned config-
uration. For the central screw [screw 2 in Figure 54), three
contact zones are observed, two at the inferior surface of
the rod and one at the superior surface. Only one superior
contact zone is observed for the second sliding screw
[screw 3 in Figure 5A). Maximum contact pressure was
recorded at both sliding screws for all configurations [Table
I1). The under-screwing of the extreme screw reduced the
contact pressure on both sliding screws [—19% at maxi-
mum] whereas the over-screwing had the opposite impact,
in similar percentages.

DISCUSSION

Spinal fusionless devices have been developed for about 10
years—' with new wear behavior that needs to be charac-
terized; however, actual spinal standards are not adapted. In
this article, first experimental and numerical tribological
approaches have been developed to investigate the wear of

25
F— - .-'/\ Fx Mesh 1
= g
1] 7 I__.-“'\.II
g5 T ¥ —Fx Mesh 2
£

S 10 / / e —Fy Mesh 1
(=]
- M R
2 L \ Fy Mesh 2

u i -

0 05 1

Numerical time

FIGURE &. Comparison of the anchorage forces for teo different
mesh sizes of the synthetic spine, without the device implanted, dur-
ing one flexion cycle
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FIGURE 10. Validation of the numerical model with the experimental anchorage forces, for one flexion cycle. A: synthetic spine alone and B: syn-

thetic spine with the device

flexible sliding devices. The in vitro wear protocol designed
here aspired to be simple and easy to reproduce, mimicking
a spinal portion of 5 vertebrae inducing a critical supra-
physiological fexion. A numerical model was associated,
and enabled to evaluate the impact of screws misalignment,
that can oocur during surgery. A new prototype was studied
through this protocol and gave encouraging results.

After 1 million cycles of flexion the extrapolated experi-
mental wear volume was 0.43 + 0.02 mm®/screw. This is
encouraging result when compared to the literature, with a
wear rate of the same order of magnitude compared to
spinal systems suffering wear such as sliding rods and
intervertebral disc prostheses ranging from 0.1 to 1.1 mm?/
component/Mc [Figure 12). Moreover, a recent study of a

retrieval of spinal sliding dewice attested of 12.5 = 1.5 mm”
WEAr per _',rearB: and concerning total hip prosthesis, wide-
spread nowadays, it i5 not uncommon to find wear rates
ranging from a few dozen to more than a hundred mm®/
Mc*? without leading to failure of the prostheses. Assuming
implantation of a dozen screws, the predicted wear rate of a
complete device would be around 5 mms,.ch. below the
published values.

The evolution of the maximum wear depth on the rod
along the tests is nonlinear [Table 1); with a rapid increase
before half million cycles and then a slower decrease until 1
Mc. This suggests a running in phase at the beginning of the
use of the device. Moreover, the rod has been smoothed by
the sliding of the screw during the wear tests [Figure 8],

TABLE Il. Numerical Results According to the Tested Configurations

Rod First sliding screw {screw 2} Second sliding screw (screw 3)
Max Max
Sliding Contact M Contact Max
Max Von length Pressure narmal Sliding Pressure mormal
Mises (MPa) {rnmi) (MPa} forces (N} lengths {mm) {MPa) forces (M)
Ideal configuration 936 9.76 6.24 =213 16.1 1.39 20.4
Influence of vertical misalignment of the extreme screw
Under-screwing
=1 turn 100.4 9.63 5.06 =138 16.0 1.21 14.4
Td% -1.3% - 15% =-36% =-0.6% =-13% -25%
=1/2 tum a7 9.64 5.65 =17.6 16.1 1.27 17.4
3% -1.2% -5.5% - 18% % -5.6% - 16%
Ower-screwing
+ 172 turn 90.2 8.7 6.82 =25.0 16.1 1.60 236
=3.6% - 0.6% 9.3% 7% % T.88% 6%
+ 1turn 871 8.70 1.38 =-28.7 16.1 1.64 26.6
-6.8% =L 6% 18% 35% % 1% 30%
Influence of horizontal misalignment of the extreme screw
+ & mm 94.4 9.68 B.24 =213 16.1 1.40 205
1% - 0.8% 0% 0% % 0.7% 0%
+ 3 mm 5.1 9.66 6.41 =212 16.1 1.38 20.5
1.7% - 1% 27% - 1% % % 0%

1 turn correspands to 1.95 mm. The normal forces are the forces on the y-axis of the local reference as shown in Figure S(B).
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FIGURE 11. Sagittal view of the contact pressure zones induced on the rod by the rotating balls at A: the middle position {scress 2} and B: the

exireme position {(scres 3], at maximum flexion

compared to the non-worn zones. These results advise to
well study the surface aspects at the sliding contact [here
rod/rotating ball), and work on the run in process of the
device before implantation.

To build an associated FE model, the friction coefficient
of the device had to be characterized. To the knowledge of
the authors, the couple ceramic/PEEK is currently not used
in implants and mo value could be found in the literature. A
friction coefficient of 0.11 = 0.01 was measured, consistent
with the value of 0.1 measured for the alumina/PEEK cou-
ple in dry rolling contact. ™

The model was designed to be easy to set up, reproduc-
ing the kinematic behavior of the prototype with simplified
connector elements, awoiding some contact issues and
reducing calculation time. It was walidated with anchorage
forces, fitting the experimental ones (Figure 10) by adapting
the Young Modulus of the synthetic spine. Moreover, consid-
ering the width of the rotating ball, the sliding length for
the second screw obtained numerically in the aligned con-
figuration fitted the experimental measurements.

The stiffness of the prototype was evaluated experimen-
tally by the measure of the anchorage forces, and wverified
numerically. This can allow to test different configurations of
implantation such as the screws positions and number as
well as the rod diameter, to evaluate their impact on rigidity.

Through the numerical model, we could access maxi-
mum stresses on the rod, contact pressure at the rotating
ball/rod interface and normal forces existing at the screws
during a supra-physiological flexion, and evaluate the effect
of misalignment of a screw.

12
1
0.8

0.6
04
02 l
o [ |

Ourstudy  Slidingreds  TDP (a)  TDP [b)

FIGURE 12. Comparison of the wear of the tested device with the liter-
ature. Per sorew for our study and a sliding system (adapted from
Ref. 17} or per intervertebral diisc for Total Disc Prostheses (TDP] with
PEEK/PEEK contact {a adapted from Ref. 28 and b from Ref. 28}

‘Wear volume per
component

{mim3 / million cycles)

For the aligned configuration, the maximum Von Mises
stresses reached locally 93.5 MPa on the rod, near the lock-
ing screw, and the misalignments configurations had few
impact. The elastic limit of the rod material in tension is
around 90 MPa [fabricant data), so according to the numeri-
cal results, the limit is already reached with the aligned con-
figuration. However, the flexion imposed here to the device
is non-physiological and had been set to evaluate the device
in a critical way.

As contact pressure is directly linked to wear by the
sliding speed, it is a crucial parameter to evaluate. The con-
tact pressure induced on the rod by the rotating balls was
different between the two sliding screws (see Figure 11).
Those pressure patterns were also ohserved experimentally,
with a wear induced to the inferior surface of the rod for
the central screw, and the superior rod surface for the
extreme screw. Moreover, three localized contact zones were
ohserved for the central screw, coming from the sharp
geometry of the rotating ball, inducing high and localized
pressures on the rod [Figure 11{A)]. This design does not
seem efficient and should be corrected in the future. Only
one superior contact zone was observed for the second slid-
ing screw, consistent with the wear profile measured experi-
mentally [Figure 8). For all configurations, the maximum of
contact pressure was observed on the rod below the central
screw. Under-screwing of the extreme screw diminished the
contact pressure both at the central and extreme positions,
what was expected as it is similar as a less flexed configura-
ton for the device. Over-screwing and lateral misalignment
both increased the contact pressures, the wertical misalign-
ment being worse [Table I1]). The sliding lengths were very
little impacted by the misalignments, suggesting that the
wear may be rather affected by the contact pressure.

During the flexion, the central sliding screw is subjected
to negative normal forces, meaning compression forces on
the screw, explaining the localization of the contact zone at
the inferior surface of the rod. In the opposite, the extreme
screw is subjected to positive forces, meaning pullout forces,
coherent with the contact zones, and expected because it is
the end of the construct. The vertical misalignments of the
extreme screw affected these forces [up to 30-35%) where-
as the horizontal ones had wery little effect, this can be
explained because it is a small displacement [max 3 mm)]
compared to the overall flexion of the device. The horizontal
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misplacement, howewver, induced new forces opposite to the
misalignment direction [z-direction Figure 5[E]]. In all
cases, intensities of these forces remained below 30 N, far
from the pullout limits of such screws tested on porcine
spines, around few hundreds of Newton

This protoco]l could not be validated on other devices or
with in vivo retrieved implants because no flexible and slid-
ing spinal devices are currently implanted; however, com-
parison values will be obtained in the future through animal
experimentations. The polymeric material used for the syn-
thetic spine may not represent completely the rigidity of a
spine and may affect these results; this should be consid-
ered in the future. Additional experimental test campaigns
will be done to confirm the first results obtained here, and
quantify wear in misaligned configurations. The numerical
madel is promising and numbers of other parameters could
be studied in the future, such as a new smooth design of
the rotating ball, the influence of the rod diameter, the mis-
alignment of the central screw, different rod materials, and
so forth. Finally, those approaches could be spread to test a
larger spinal portion as well as other flexible sliding spinal
systems to be developed.

COMNCLUSION

A first in witro protocol was proposed to characterize the
tribological behavior of new flexible sliding spinal systems.
A numerical model reproducing the experiment was also
developed to access contact information and test the influ-
ence of screw misalignment. This protocol has been tested
on a prototype. A friction coefficient of 0.11 was measured
for the couple ceramic/PEEK, necessary to model the
device. We obtained first encouraging wear values and could
detect improvements to realize such as the geometry of the
implant.
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