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Study Design. We selected the materials and implant design and performed Finite Element Analysis (FEA) studies. Background.
Nucleus disc replacements, implanted since 1960, have undergone continuous evolution in materials and designs, but subsidence,
extrusion, and in vivo degradation limit widespread use.Aim.Te aim of this study is to create a new nucleus disc replacement that
avoids the abovementioned drawbacks. Material and Methods. We created eighteen designs with varied materials and analyzed
them with FEA in compression and shear tests in a lumbar spine model programmed in Ansys Parametric Design Language.
Results. Bionate® 80A had the closest mechanical characteristics to the intact disc nucleus. Monobloc designs bore physiological
stresses correctly but sufered signifcant deformations with permanent damage during surgical insertion through the annulus
opening. In addition, sandwich designs were too rigid and had an unreliable curing process. Terefore, we chose an oval
doughnut-like 5mm wall monobloc Bionate® 80A nucleus replacement. It minimized implant stress in loading, distributed loads
uniformly, and tolerated lateral compression during implantation.Conclusions. Out of the eighteen designs we analyzed with FEA,
we found that the monobloc oval doughnut-like Bionate 80A nucleus replacement reproduced best the biomechanics of the
natural disc nucleus and had the lowest subsidence risk as it transmits the load to the ring apophysis. Furthermore, implanting it
through the annulotomy required to perform a lumbar microdiscectomy should be possible due to its elasticity. Furthermore, due
to its elasticity implanting it through the average annulotomy required to perform a lumbar microdiscectomy should be possible.

1. Introduction

Chronic low back pain keeps being one of the most common
human ailments [1]. One of its causes is degenerative disc
disease, which can lead to disc herniation. Te standard

treatment for these cases is a discectomy, frequently followed
by spinal arthrodesis. In both events, the index level undergoes
biomechanical changes that cause arthritic changes in this level
[2] and adjacent ones [3]. Terefore, the best approach would
be to replace the function of the damaged intervertebral discs.
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Nucleus replacement (NR) devices aim to substitute the
nucleus pulposus with an intact annulus fbrosus. Tis
technique is less invasive than spinal fusion or total disc
replacement to treat disc herniation or degenerative disc
disease.

A nucleus replacement should restore vertebral
alignment, physiological curvature, instantaneous center
of rotation, and disc height without overstretching spinal
ligaments or zygapophyseal joint capsules, allow six de-
grees of freedom [4] and provide a close ft to the vertebral
endplates [4–6]. It must be biocompatible, stif, possess
viscoelastic behavior and shock absorption capacity sim-
ilar to the intact nucleus [7], and avoid stress shielding
[7, 8].

Mechanical characteristics should mimic the intact disc
with nonlinear viscoelastic behavior. It should withstand
800–2500N in axial compression [9], 700–1000N standing
up upright [10], 2400N/mm standing up with the trunk
fexed forward 30° [11], 1800–2700N sitting [12],
4000–4200N lifting a 200N load while bending forward
[13], and 31.5Nm in 2.0Nm/o axial torsion [14]. It should
also have a 5.39± 2.56 kPa linear-region modulus, 4.2MPa
Young’s modulus [15], and 0.49 Poisson’s ratio [16]. Te
swelling pressure is 0.11–0.14MPa [16], shear modulus is
7.4–19.8 kPa [17], and vertebral endplate compression
6.5± 2.5 kN [18].

Target mechanical properties for the whole disc after
nucleus replacement (intact annulus + nucleus prosthetic
device) are compressive strength >6.5 kN, shear strength
>3 kN, compressive fatigue strength >2500N, wear tests
900–1850N–10 million cycles, shear force fatigue strength
>100N, torsion torque fatigue strength >3.5Nm, and
stifness: 800–2500N/mm. In addition, it must have a high
wear resistance with minimal debris generation, optimal
long-term performance (30–100 million cycles), and com-
patibility with CT and MRI.

Te initial biomechanical evaluation through fnite el-
ement analysis (FEA) allows cost saving, design improve-
ment, and product optimization. In addition, it enables
implant mechanical behavior reproduction and analysis of
surrounding spinal structure response (annulus, ligaments,
vertebral endplates, and zygapophyseal joints) [19–23]. Tis
information is essential to validate the spinal implant, re-
store the lumbar spine’s biomechanics, and minimize ab-
normal loading on surrounding anatomical structures [24].

Introduced in the 60’, there has been a steady search to
fnd a material that reproduces intact disc biomechanics,
creating a design that is easy to insert and with a minimal
risk of subsidence or extrusion. Silicones, diverse polymers,
hydrogels, and polyurethanes (PU) have been tested and
ruled out because of cracking [25], subsidence [26], or ex-
trusion [27]. In addition, researchers have improved designs
continuously to ease insertion. Researchers have recently
introduced new materials like nanofbers [28], providing a
scafold for cell ingrowth and revitalization [29]. Leading
research groups have tested diferent materials [30], and
stem cells [31], both autologous and heterologous, are being
used, but none of these new strategies have yet reached
clinical application.

Te purpose of our study was to test diferent materials
and create diferent designs to reach a specifc implant
complying with the requirements mentioned above.

2. Material and Methods

Finite element analysis (FEA) helps in implant mechanical
behavior reproduction and surrounding spinal structure
response evaluation (annulus, ligaments, vertebral end-
plates, and zygapophyseal joints). Tis information is crucial
to validate any spinal implant before undertaking further
steps. It allows cost saving, design improvement, and
product optimization [21].

First, we created the fnite element analysis (FEA)
model using data from cadaveric human lumbosacral
spines that we reported in a previous publication [32]. In
short, we used twelve lumbosacral spine specimens from
fresh, cold, preserved cadavers, ruling out osteoporosis
with dual energy X-ray Absorptiometry (DEXA) scan
studies. We removed all soft tissues, kept the ligaments
and intervertebral discs, and sectioned the spines at the
T12-L1 disc and the sacroiliac joints. We performed CT
scan studies (GE Healthcare, Milwaukee, Wi, USA) with
0.625 mm section images. We examined these section
images with a 1.25 mm collimation and a pitch of 3
(0.75 mm/rotation) from L1 to the coccyx, reconstructing
them in 3D with an x-y matrix of 512 × 512, an isotropic
voxel of 1 × 1 × 1mm, and a 0.5 mm slice spacing. We
transferred the CT scan images to digital imaging and
communications in medicine (DICOM). We measured
each vertebra and intervertebral disc size and dimen-
sions. We performed the MRI studies with a 1.5 Tesla GE
MRI scan (GE Healthcare, Milwaukee, Wi, USA), looking
for disc degeneration and zygapophyseal joint
osteoarthritis.

We analyzed CT and MRI scan images with the
NETEOUS program, developed at the Biomechanics Insti-
tute of Valencia in collaboration with INGECOT (University
of Oviedo, Asturias, Spain).

We obtained morphological data about geometry,
morphometry, and dimensions of each lumbar and sacral
vertebra and the intervertebral discs. In addition, we cal-
culated anteroposterior (AP) and lateral (L) vertebral end-
plate dimensions, as well as the height and angulation of
each intervertebral disc.

Tis lumbar spine model is a parametric model pro-
grammed in APDL (“Ansys Parametric Design Language”).
Te model can draw any section of the lumbar spine starting
from sagittal plane radiography.We can change the diferent
parameters in the model, the geometry of the vertebrae, the
model mesh, and the material’s mechanical properties. For
each vertebra, the coordinates of four points are necessary to
reproduce its geometry and position in the lumbar spine
model. We calculated the rest of the parameters to build the
model using formulas derived from the study by Panjabi
et al. [33].

We can change the parameters of the mesh. We obtain
the mesh by dividing the vertebra into diferent regions. One
or more combined parameters control the mesh density of
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other areas. Te higher the mesh density, the higher the
accuracy of calculations and the computation time.

In the model, the vertebra is composed of three diferent
elements. First, the vertebral body consists of cancellous
bone and an outer layer of cortical bone. We modelled the
posterior arch with a specifc material for that area.

Te intervertebral discs are composed of three elements:
fbrous annulus, nucleus, and annulus fbers. We oriented
the fbers as in an intact disc.

We included all the ligaments of the lumbar spine in the
model. Te ligaments have a nonlinear behavior. With small
deformations, the ligaments have a low elastic modulus, but
with a specifc strain, the elastic modulus increases. Each
ligament is modelled with two parallel links of two diferent
materials to simulate the nonlinear behavior.

Apart from the intervertebral disc, each vertebra artic-
ulates with the adjacent vertebra through the upper and
lower zygapophyseal joints. Tese joints are responsible for
the transmission of a large portion of loads between the
vertebrae. We modelled the contacts in the zygapophyseal
joints with particular contact elements. Te material
properties in zygapophyseal joint contacts are specifc.

Once we had obtained its fnal 3D geometry with CAD
software for the biomechanical evaluation of a new nucleus
implant, we imported it into Ansys for fnite element
modelling.Ten, we assignedmesh properties andmaterials’
mechanical properties to the implant and used four-node
solid elements for the mesh.

Tis simple geometry represents the frst approach for
the biomechanical evaluation of a nucleus implant.

We evaluated two design groups, monobloc and sand-
wich-type. First, we selected the materials for each design
type. Ten, we evaluated each design with FEA. Finally, we
evaluated eighteen original designs to fnd the one that is the
most suitable for the particular characteristics needed for a
nucleus disc replacement.

2.1. Monobloc Designs. Traditionally, monobloc designs
have a single interface-free elastomeric material (hydrogel,
PU, silicone). Teir advantages are wearing and mechanical
properties like the intact disc, and their drawback is the
extrusion risk. In addition, the compression required to
insert these designs could lead to damage and accelerated
degradation. Figure 1 shows the monobloc designs evaluated
in this study.

2.2. Sandwich Designs. Tey consist of two diferent mate-
rials, one for the outer component, which encloses an inner
one. Te outer material is usually stif PEEK (Poly-
etheretherketone), Polyethylene (PE). Te inner is visco-
elastic (PU, silicone, hydrogel) or a shape memory material
(PU).Te sandwich designs' advantages are their viscoelastic
and tissue integration properties, which minimize migration
and extrusion, and the disadvantage is their low com-
pressibility, usually requiring a bigger annulotomy for its
insertion.

Figure 2 shows the disc nucleus sandwich designs an-
alyzed in this study. Figures 2(a)–2(c) show a rigid outer

shell (PEEK) and a hydrogel or viscoelastic shock-absorbing
core. Figures 2(d)–2(f ) show dampening designs, while
Figures 2(g) and 2(h) show shape-memory models with two
PEEK shells containing a shape-memory polymer (PU).
Figure 2(i) shows a hard outer shell and a softer viscoelastic
core. Finally, Figure 2(j) shows an external bag flled with
viscoelastic materials.

2.3. Material Selection. We tried PU, shape-memory poly-
mers, PEEK, hydrogels, fabrics and blends, or compounds
(i.e., carbon fber-reinforced PEEK).

2.4. Monobloc Design Material Selection. We considered
silicones, polyurethanes, and polycarbonate urethanes
(PCUs).

2.5. Sandwich Design Material Selection. We evaluated
propylene, polyethylene terephthalate + dimethyl siloxane,
polyamide 6,6 plus polyethylene terephthalate for the bag,
hydrogel, ultrahigh molecular weight polyethylene
(UHMWPE), PEEK, PU that cures at body temperature, and
elastomeric microspheres for the core.

2.6. Selection Criteria. We were interested in a nucleus re-
placement that was easy to insert through a minimal
annulectomy, mechanical behavior like the natural nucleus,
and minimal wear and tear.

2.7. Design Analysis. We performed design analysis by
simulation with FEA under physiological loading condi-
tions, analyzing stresses, and deformations in compression
and shear.

2.7.1. Compression Test. We applied a compressive force to a
standard cylinder (a diameter of 29mm± 0.5mm and a
height of 12.5mm± 0.5mm), obtaining force/deformation
curves. We performed four compression cycles, considering
the fourth at 10% and 20% deformation. We evaluated the
implant under diferent physiological load cases [10]: axial
compression of 1000N (compression load on the lumbar
spine during walking), axial compression of 1000N and
anterior-posterior shear of 300N (normal load combination
typical of walking activity), axial compression of 1000N,
fexion moment of 8Nm in the sagittal plane, and axial
rotation torque of 8Nm (representative of a worst-case
scenario, with a high potential for producing disc
herniation).

We considered fxing the displacements and rotations of
nodes below the lower vertebra to apply loads. We joined the
nodes in the upper vertebra’s upper edge to the upper
vertebra’s superior central node with links elements. Ten,
we merged the nodes of the spinous process with the pre-
vious structure with link elements. Next, we spread the load
evenly with this structure. Finally, we placed the loads in the
top central node of the upper vertebra; this node is the
central node of the structure described above.
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Shear test. We used four identical parallelepiped pieces,
4mm± 1mm thick, 20mm± 5mm wide, and 25mm± 5mm
long, bonded with a high modulus adhesive on their two
largest opposite faces to 4 rigid plates of the same width and
length on a sandwich arrangement. We obtained a force/
deformation curve, calculating the shear modulus at a 25%
shear stress using the formula c � d/2c, where d is the test
piece deformation and c is the tested element thickness, both
in millimeters. First, we calculated the 25% shear stress using
τ25� F25/2A (F force in Newtons and A test pieces’ bonded
area in mm2). Next, we calculated the shear modulus G
(N·mm−2) using G� τ25/c25� τ25/0.25. Finally, we repeated
the test three times, obtaining a mean value.

2.8. Anatomical Data. We obtained these data from plain
lumbar spine sagittal radiography and 1.5 Tesla Magnetic
Resonance Images of human spine specimens and processed
them with Materialise's software Mimics v.11, building three-
dimensional images. We calculated the intervertebral
nucleus’s volume and shape (length, size, and width) and
transformed them into a CAD (computer-aided design) fle.
We validated the implant biomechanical geometry with fnite
element analysis (FEA) using the image analysis data and the
lumbar spine model programmed in APDL (“Ansys Para-
metric Design Language”) (Figure 3). We used the data from
our previous studies [32]. In addition, we obtained data from
the literature [34] the spinal elements’ mechanical properties.

(a) (b)

(c) (d)

(e) (f )

(g) (h)

Figure 1: Monobloc designs evaluated in our study that aimed to optimize insertion and mechanical properties.
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2.9. Nucleus Replacement FEA Evaluation. To study which
design suited our requirements, we performed FEA com-
pression (BS ISO 7743:2008) and shear modulus tests (BS
ISO 1827:2007). We applied 1000N axial compression (like
lumbar spine load during walking), 1000N axial compres-
sion plus 300N anteroposterior shear, and 1000N axial
compression with an 8Nm sagittal plane fexion moment
plus axial 8Nm rotation torque (the scenario with a high risk
of disc herniation).

We spread the load evenly within this structure and
placed it in the upper vertebra’s top central node. We per-
formed all simulations with the implant located at the lumbar
segment L4–L5. After implant insertion, we did not close the
8mm annulus defect necessary to insert the implants.

3. Results

Te selected monobloc elastomeric design bore physiolog-
ical stresses correctly in FEA studies (Figure 4(a)) but suf-
fered signifcant deformations during insertion
(Figure 4(c)). Terefore, we used reinforced polyurethane (a
composite) or polyurethane carbonate (PCU) and ruled out
PEEK and rigid polymers.

FEA studies of sandwich designs showed that those with
a hard inner core (PEEK) and a softer outer component were
too stif (Figure 5(b)). Although they had acceptable lateral
compressibility for the introduction (Figure 5(a)), their
insertion required an annulotomy of at least 18mm in
length. Others had excessive wear. Furthermore, sandwich

(a) (b) (c)

(d) (e) (f )

(g) (h) (i)

(j)

Figure 2: Sandwich designs that we evaluated in this study. We can group them into shock absorbing (a–c), dampening (d–f), shape
memory (g–i), and balloon type (j).

Advances in Materials Science and Engineering 5



designs with a stif core and small endplate contact area had
a high subsidence risk (Figures 4(c) and 4(d)).

After the study, we chose an oval doughnut-like hollow
compressible monobloc elastomeric design with a 5mmwall
(Figures 5(a) and 5(b)). In FEA analysis, it minimized
implant stress under loading conditions, distributed strains
uniformly, and tolerated the lateral compression during
implantation.

4. Material Selection

We searched extensively to select the material that best
simulated the biomechanical behavior of the nucleus pul-
posus. Silicones were ruled out because they crack and
fracture over time [25], and polyurethanes were too rigid
[35], but polycarbonate polyurethanes [36] suited our re-
quirements. Terefore, we chose Bionate® (Polymer Tech-
nology Group DSM-PTG, Berkeley, California, USA) [37]. It
is available in 55D, 65D, 75D, 80A, and 90A (https://www.
dsm.com/content/dam/dsm/biomedical/en_us/documents/
document-bionate-pcu-productsheet.pdf). Considering
their published mechanical properties [38], we selected 55D,
80A, and 90A for further analysis.

4.1. Nucleus Replacement Biomechanical Results.
Comparing the three types of Bionate® selected for our
design, 80A has the lowest Z-axis displacement and stresses
under the 1000N axial load, even when combined with
300N anteroposterior shear and 8Nm rotation torque, fa-
voring fatigue endurance. Implant stresses increase with
material hardness for all axes and are higher for 90A than
80A, with no signifcant diference between 90A and 55D

(Table 1 and Figure 6).Temaximum stresses happen on the
Z-axis.

4.2. Annulus Stresses. Under 1000N axial compression, all
three Bionate® types induced similar annulus stresses, being
maximum on the Z-axis. Adding 300N anteroposterior
shear Bionate® 80A made the annulus bear more load than
90A and 55D. Te maximum stress also happened on the Z-
axis. When adding 8Nm rotation torque, the annulus
supported the highest stresses with Bionate 80A. Again, 80A
shared more load with the annulus than 90A and 55D, which
had a similar behavior (Table 2 and Figure 7). Higher an-
nulus stress for the Bionate® 80A nucleus replacement in-
dicates that it distributes the load to the ring apophysis not to
the vertebral endplates, making the subsidence risk smaller.

Bionate® 80A produced stresses remarkably close to
those achieved with the natural disc nucleus, an extraor-
dinarily positive feature since avoiding annulus relaxation is
crucial for the nucleus implant.

4.3. Vertebral Endplate Contact Pressures. Te greater the
material’s rigidity, the greater the contact stresses transmitted
to the bone; therefore, the subsidence risk increases when
faced with very high loads. For example, under 1000N axial
compression loads, even when adding 300N anteroposterior
shear and 8Nm rotational torque, the lowest is for Bionate®80A (Table 3 and Figure 8).Tis type of Bionate® exerts more
evenly load distribution than 90A and 55D and thus has a
smaller chance of subsidence, corroborating the data from
annulus stresses. Terefore, after all the FEA, the data show
that Bionate® 80A is the most suitable material for nucleus
replacement since its biomechanical behavior is like the

Vertebral
body Ligaments Zygapophyseal

joints

Nucleus implant in place

Nucleus
implant

Nucleus
pulposus

AnnulusIntervertebral
disc

Annular
fibers

Figure 3: FEA model that we used in this study.
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natural one. We found that the implant manufactured with
Bionate® 80A has a stifness of 862.81N/mm.

5. Discussion

After carrying out all the designs and tests of diferent
materials, the PCU material imitates intact nucleus char-
acteristics, particularly Bionate®. Although manufacturers
can provide it with diferent hardness, Bionate® 80A is best
suited for nucleus replacements as its properties are the
closest to the intact nucleus [38]. On the other hand, more
rigid types (55D, 75D, 90A) deform more and distribute
loads more unevenly, inducing a higher subsidence risk [37].

Te nucleus replacements need an intact annulus
fbrosus to contain the implant in its place. Terefore, this

always requires an annulotomy. However, the minimally
invasive approach severely limits implant materials and
designs. Bionate® 80A is elastic enough to tolerate com-
pression during insertion, [38] facilitating a smaller annu-
lotomy. An alternative is to perform an annulus repair [30].

Additionally, Bionate® 80A has a 35/65 (weight/weight)
hard-to-soft segment ratio [39], fuid-flm lubrication [40],
and wear and friction characteristics superior to metal
UHMWPE [41]. It has high resistance to abrasion, tear,
hydrolysis, and ageing [42].

Te diferent Bionate’s® coefcient friction is 0.64 for
75D, 0.81 for 55D, and 1.52 for 80A. Tis value over one
means that Bionate® 80A has higher resistance than the
normal force. Over ten loading cycles, Bionate® 80A
Young’s modulus increased from 22.19MPa to 23.93MPa

1.112e−002
5.263e−001
1.042e+000
1.557e+000
2.072e+000
2.587e−000
3.102e+000
3.618e+000
4.133e+000
4.648e+−000
5.163e−000

- 5.679e+000
6.194e+000

Von Misses (N/mm2 MPa)
Axial compression

(a)

−3.337e+000
−2.986e+000
−2.595e+000
−2.203e+000
−1.812e+000
−1.420e+000

−2.462e−001
−6.377e−001
−1.029e+000

5.366e−001
9.280e−001
1.319e+000

Axial compression + shear
UY (mm)

(b)

Forces on lateral compression in intradiscal implant insertion
0.000e+000
8.230e−001
1.646e+000
2.469e+000
3.292e+000
4.115e+000
4.938e+000
5.761e+000
6.584e+000
7.407e+000
8.320e+000
9.053e+000

UX (mm)

Artifcial annulus

nucleus replacement

C1

Annulotomy

Implant insertion

Nucleus implant inserted

C3 C2

C4

Bionate® 80A disc 

(c)

Figure 4: Selected monobloc elastomeric device FEA studies during (a) axial compression, (b) lateral compression, and (c) axial com-
pression plus shear. Implant deformations in the x (UX) and y (UY) axes.
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and Poisson’s ratio was 0.49 (39). Bionate 75D Young’s
modulus increased from 131.1MPa to 327.6MPa, and
Poisson’s ratio decreased from 0.43 to 0.38 [38]. Tese data
confrm that Bionate® 80A has the best mechanical prop-
erties for a nucleus replacement.

PCU particles cause a lesser infammatory reaction in
implant wear than metal or UHMWPE [43]. In addition, our
group saw that Bionate 80A particles induce no local or
distant tissue adverse reactions [44]. Terefore, we recom-
mend using best long-term endurance PCU, Bionate® 80A.

Te design is crucial as the shape and size of the nucleus
replacement decisively infuence the annulotomy size. An
injectable material curing in situ after the discectomy would
be ideal, but achieving it regularly and reliably is challenging.
Te reagent mix, temperature, and curing time require strict
control for steady results. Additionally, polymerizing agents
are cytotoxic, so excess or leaching might have negative
consequences. An option is to use a bag subsequently flled
with elastomeric self-curing liquid. Tese bags, usually made
of porous materials to ease nearby bone and annulus fxa-
tion, allow toxic reagent mix difusion. A smooth non-
permeable bag would not adhere to nearby tissues,
facilitating extrusion, a critical complication of nucleus
replacement devices. As a result, the devices that have
reached clinical application [45] have limited use.

Monobloc designs are simpler to manufacture with
regular results and more straightforward to customize.
However, these nucleus replacements often require a larger
annulotomy, increasing the extrusion risk unless we can
deform and compress them when inserted. Tat is why
Bionate® 80A is particularly suited for nucleus replace-
ments, and our design fulfls this requirement. We found
that the implant manufactured with Bionate® 80A has a
stifness (Table 1) of 862.81N/mm, and stifness is between
the value of 667N/mm on average for the L1–L5 discs and
1000N/mm for the whole L5–S1 segment, which is in the
range of the studies carried out by White and Panjabi (1990)
(12).

A fnal consideration is that the strongest endplate area is
the so-called ring apophysis, a solid cortical bone hoop at its
periphery [46]. Terefore, any implant transmitting the load
mainly to this apophysis has the lowest subsidence risk. Te
rationale behind our nucleus replacement design is to
maximize the load transmission to the ring apophysis and
minimize it to the rest of the vertebral endplate.

Te most signifcant limitation of our study is that we
took from the literature the properties needed to reproduce
those of an intact disc nucleus which we should customize
for any specifc patient needing this procedure. Further-
more, the evaluation of joint implants with FEA or FEM,

−4.382e+000

−2.918e+000
−3.650e+000

−2.185e+000
−1.453e+000
7.210e−001
1.124e−002
7.434e−001
1.476e+000
2.208e+000
2.940e+000

UX (mm)

2.172e−000

2.592e+000
1.297e+000

5.181e+000
3.886e+000

6.476e+000
7.770e+000
9.065e+000
1.036e+001
1.295e+001
1.424e+001

Von Misses (N/mm2 MPa)

F F

F F

(a)

Von Misses (N/mm2 MPa)

Von Misses (N/mm2 MPa)
2.404e−001

7.407e+000
3.824e+000

1.457e+001
1.099e+001

1.816e+001
2.174e+001
2.532e+001
2.891e+001
3.249e+001
3.607e+001
3.966e+001

6.692e−005

1.663e+000
8.318e+001

2.495e+000
2.495e+000

3.327e+000
4.159e+000
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Figure 5: Finite element analysis of two sandwich-type nucleus implants. Implant deformations in the x-axis (UX).
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Figure 6: (a) Monobloc design selected and (b) coronal section. Nucleus replacement biomechanical characteristics comparing the three
Bionate® chosen types.

Table 1: Bionate® nucleus replacement properties comparing the three types of this material. We shaded the maximum results in blue.

Nucleus replacement data with Bionate® 80A 90A 55D
Z-axis displacement (mm) under 1000N axial compression load 1.159 1.02 0.93
Z-axis displacement (mm) under 1000N axial load + 300N anteroposterior shear 1.76 1.517 1.342
Z-axis displacement (mm) under 1000N axial load + 8Nm fexion moment + 8Nm rotation torque 1.839 1.554 1.361

Maximum stresses under 1000N axial compression load
Sx (MPa) 5.1 5.42 5.38
Sy (MPa) 5.35 5.79 5.84
Sz (MPa) 5.5 6 6.22

Maximum stresses under 1000N axial compression load + 300N anteroposterior shear
Sx (MPa) 6.33 8.5 10.4
Sy (MPa) 6.55 8.9 10.9
Sz (MPa) 7.05 9.6 11.7

Maximum stresses under 1000N axial load + 8Nm fexion moment + 8Nm rotation torque
Sx (MPa) 6.7 11.6 11.3
Sy (MPa) 6.6 11.3 11.5
Sz (MPa) 7.2 12.1 12.6
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Table 2: Maximum annulus stresses with the selected design nucleus replacement made of Bionate® 80A, 90A, and 55D.

Annulus stress with nucleus replacement with Bionate® 80A 90A 55D

Maximum stresses under 1000N axial compression load
Sx (MPa) 1.27 1.25 1.24
Sy (MPa) 1.21 1.2 1.17
Sz (MPa) 1.64 1.63 1.61

Maximum stresses under 1000N axial compression load + 300N anteroposterior shear
Sx (MPa) 1.5 1.2 1.12
Sy (MPa) 1.48 1.12 1
Sz (MPa) 2.16 1.7 1.6

Maximum stresses under 1000N axial load + 8Nm fexion moment + 8Nm rotation torque
Sx (MPa) 1.66 1.3 1.14
Sy (MPa) 1.63 1.2 1.1
Sz (MPa) 2.1 1.8 1.71
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Figure 7: Annulus Z-axis stresses with the selected design Bionate® nucleus replacement 80A, 90A, and 55D.

Table 3: Te vertebral endplates’ maximum contact pressures with the selected design nucleus replacement made of Bionate® 80A, 90A,
and 55D.

Vertebral endplate contact pressures with nucleus replacement with Bionate® 80A 90A 55D

Maximum contact pressures 1000N axial compression load Smax
(MPa) 0.719 0.98 1.09

Maximum contact pressures 1000N axial compression load + 300N anteroposterior shear Smax
(MPa) 1.159 1.614 1.935

Maximum contact pressures 1000N axial compression load + 8Nm fexion moment + 8Nm rotation
torque

Smax
(MPa) 1.262 1.701 2.033
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besides being patient-specifc, is also very time consuming.
Meshing bones and soft tissues is complicated. In addition,
we need to study if the material sufers deterioration and
cracking under long-term use.

We have performed an FEA of several designs and
materials and found the best to replace the nucleus pulposus.
In addition, we have developed a lumbar spine model with
the patient’s radiological images (plain X-ray andMRI).Tis
model allows nucleus replacement customization.

6. Conclusions

Of all materials we analyzed, Bionate® 80A has mechanical
characteristics closest to the natural nucleus and is the most
suitable for the nucleus replacement.

Bionate® 80A yields the lowest implant stress due to
compressive forces (favoring fatigue endurance), produces
the highest stress level in the annulus (closest to the natural
nucleus), and has the lowest subsidence risk. Unfortunately,
all these features worsen directly proportional to material
hardness.

Out of the eighteen designs we analyzed with FEA, we
found that the monobloc oval doughnut-like Bionate 80A
nucleus replacement reproduced the best biomechanics of
the natural disc nucleus and had the lowest subsidence risk
as it transmits the load to the ring apophysis. Furthermore,
implanting it through the annulotomy required to perform a
lumbar microdiscectomy should be possible due to its
elasticity.
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[42] M. C. Tanzi, S. Farè, and P. Petrini, “In vitro stability of
polyether and polycarbonate urethanes,” Journal of Bioma-
terials Applications, vol. 14, no. 4, pp. 325–348, 2000.

[43] R. A. Smith, A. Maghsoodpour, and N. J. Hallab, “In vivo
response to cross-linked polyethylene and polycarbonate-
urethane particles,” Journal of Biomedical Materials Research
Part A, vol. 93, no. 1, pp. 227–234, 2010.

[44] A. Vanaclocha-Saiz, V. Vanaclocha, C. Atienza et al., “Bionate
biocompatibility: in vivo study in rabbits,” ACS Omega, vol. 7,
no. 34, pp. 29647–29654, 2022.

[45] J. D. Golan, F. Martens, J. Griebel, D. C. LoPresti, M. G. Hess,
and M. Ahrens, “Long-term outcomes following lumbar
nucleus replacement,” Te Internet Journal of Spine Surgery,
vol. 15, no. 6, pp. 1096–1102, 2021.

[46] D. C. Briski, V. K. Goel, B. S. Waddell et al., “Does spanning a
lateral lumbar interbody cage across the vertebral ring
apophysis increase loads required for failure and mitigate
endplate violation,” Spine, vol. 42, no. 20, pp. E1158–E1164,
2017.

14 Advances in Materials Science and Engineering




