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ABSTRACT

As an attempt to better replicate the complex kinematics of a natural disc, a

novel biomimetic artificial intervertebral disc replacement (bioAID) has been

developed containing a swelling hydrogel core as nucleus pulposus, a fiber

jacket as annulus fibrosus and metal endplates to connect the device to the

adjacent vertebrae. The first prototype consisted of a weft-knitted fiber jacket, in

which only a single fiber was used to create the jacket structure. This can

endanger the structural integrity of the complete device upon yarn damage.

Therefore, in this study, several warp-knitted textile structures were assessed to

(1) ensure structural integrity, (2) while allowing for swelling constraint of the

hydrogel and (3) behaving as one integrated unit similar to the natural IVD.

Moreover, the fiber jacket should (4) act as a scaffold that allows bone ingrowth

to ensure long-term stability and (5) have a good durability, (6) be wear resistant

and (7) have good manufacturing feasibility with good quality control. In this

study, 4 different stitch patterns, including 2 9 1 and 1 9 1 lapping with and

without a pillar stitch, were produced. The effect of the stitch pattern and stitch

density on the fabric mechanical properties and device swelling and compres-

sive strength was assessed. As a next step, the effect of using multiple layers of

fabrics, mimicking the layered structure of annulus fibrosus, on the functional
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capacity of the bioAID was characterized. All textile structures were capable of

limiting the swelling of the hydrogel while withstanding its internal pressure

and showing sufficient wear resistance. However, only the 2 9 1 and 2 9 1 with

pillar stitch had a pore size range that was suitable for cell infiltration to facil-

itate osseointegration as well as having the highest strength of the complete

device to ensure safety under compression loading. Incorporating different

number of jacket layers of these two stitch patterns did not show any significant

effect. When also taking the structural parameters into consideration, the 2 9 1

lapping design with 4 layers was able to constrain hydrogel swelling, provide a

high compressive strength, could facilitate cell infiltration and had dimensions

within the range of a natural intervertebral disc.

Introduction

Neck pain is a persistent problem that affects millions

of people nowadays, mainly caused by spinal disor-

ders affecting intervertebral discs (IVD) [1]. The most

common surgical practice to treat severely diseased

IVDs is anterior cervical discectomy and fusion

(ACDF), where after removal of the dysfunctional

IVD, the vertebrae are fused with new bone growth

to resolve the pain by restoring the disc height and

blocking the motion. However, occurrence of adja-

cent segment diseases due to the loss of motion urged

the development of cervical total disc replacements

(CDRs) where the diseased natural disc is replaced

with a motion preserving prosthesis. First-generation

designs were based on the ball-and-socket principle,

which consists of the superposition of solid plates

and a core to provide motion based on articulation.

The axial properties of such devices are rigid, pro-

viding little compression absorption while the natu-

ral IVD is an osmotic, viscoelastic body, showing

hysteresis and time-dependent deformation [2]. Sev-

eral clinical trials showed that the implantation of

such CDR devices altered the natural motion pattern,

caused facet joint overloading, and increased the risk

of adjacent segment disease [3, 4].

Therefore, second-generation artificial interverte-

bral discs (AIDs) that can mimic the viscoelastic

behavior of a natural disc have been developed in

recent years. These devices provide motion from

deformable components, allowing motion in all six

degrees of freedom and combined motions [5, 6]. One

of those devices is the biomimetic artificial interver-

tebral disc (bioAID) introduced by Peter van den

Broek et al. (2012), which based on an FEM study has

shown to replicate natural disc kinematics [6]. The

bioAID device contains a hydrogel core mimicking

the natural swelling nucleus pulposus, a textile fiber

jacket as the tensile load-bearing annulus fibrosis,

and a titanium endplate to secure the device to the

adjacent vertebrae (Fig. 1).

One of the key components in the fiber jacket is the

medical-grade ultrahigh-molecular-weight-poly-

ethylene (UHMWPE) fiber, tradename Dyneema

Purity� (DSM Biomedical, Geleen, the Netherlands),

which encloses the hydrogel core to imitate the

nonlinear viscoelastic behavior and osmotic prestress

of the natural IVD. Dyneema Purity� fiber has

exceptionally long and oriented molecular chains that

can withstand and distribute high loads effectively.

In addition, the fiber exhibits high abrasion and cut

resistance and inert chemical properties [7]. There-

fore, the bioAID is assumed to possess the required

strength, stability and shock absorbance capacity

while allowing a semi-constrained motion based on

deformation.

The first design of Peter van den Broek et al. (2012)

was developed for the lumbar region of the spine [6].

However, clinical need, market size, interest of

industry and clinicians revealed more opportunities

for the cervical spine. Moreover, the fiber jacket of

this first prototype was a weft-knitted stocking fab-

ricated from a single Dyneema Purity� yarn [8]. The

jacket showed no failure up to 15kN (30–35% strain)

static compression and remained intact after 10 mil-

lion cycles of axial loading between 600 – 6000 N;

however, the structure safety and integrity are of

concern as the yarn could be cut or damaged, e.g.,

during device implantation.

Unlike weft-knitting, warp-knitted structures are

made from several yarns, which makes them more
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resistant to failure [9]. In comparison with weft-

knitted structures, warp-knitted ones are typically

less elastic, which leads to a better swelling and range

of motion constraint function of the fiber jacket.

Therefore, in this study, several warp-knitted textile

patterns were mechanically and structurally assessed

and optimized to fit the cervical intervertebral space.

More specifically, the biomechanical objectives of the

fiber jacket are 1) ensuring structural integrity, 2)

while allowing for swelling constraint of the hydrogel

and 3) behaving as one integrated unit similar to the

natural IVD. Moreover, the fiber jacket should 4) act

as a scaffold that allows bone ingrowth to ensure

long-term stability and 5) have a good durability, 6)

be wear resistant and 7) have good manufacturing

feasibility with good quality control.

Materials and methods

Hydrogel preparation

The hydrogel was produced by dissolving sodium

methacrylate (monomer, 0.02 mol ratio), 2-hydrox-

yethyl methacrylate (monomer, 0.18 mol ratio), poly

(ethylene glycol) dimethacrylate (cross-linker,

0.00001 mol ratio), 2 9 2’ azobis (2-methylpropi-

onamidine) dihydrochloride (initiator, 0.001 mol

ratio) in distilled water (all analytical grade, Sigma-

Aldrich, Zwijndrecht, the Netherlands). This hydro-

gel solution was then poured onto a disc of poly-

urethane foam (Ø 10 9 0.2 cm, MCF.03, Corpura

B.V., Etten-Leur, The Netherlands) that soaked up the

solution, after which it was exposed to UV light (UVP

XX15L, 365 nm, Analytik Jena, Upland, CA USA) for

two hours at room temperature in ambient air. To

complete the polymerization, it was submerged in a

45 �C water bath for 14 h. Next, the hydrogels were

punched out in kidney shape of 21 9 14.5 9 2 mm or

14 9 13 9 2 mm, being the human and canine

dimensions, respectively.

Fiber jacket fabrication

The production of the tubular warp-knitted jackets

was performed on a double-face Raschel machine

with Jacquard unit of type DJ 6/2 EL (Karl Mayer

Textilmaschinenfabrik GmbH, Obertshausen, Ger-

many) with a machine gauge of E32 at a speed of

60 rpm. First, the UHMWPE yarn was rewound from

the parent bobbin to suitable bobbins for the creel of

the warp-knitting machine. Next, to identify optimal

design properties of the fiber jacket and achieve a

stable manufacturing process, several experiments

were executed (Table 1). In the first experiment, the

effect of 4 different fabric structures (Fig. 2, lapping

design being 2 9 1, 1 9 1, 2 9 1 ? open pillar stitch,

and 1 9 1 ? open pillar stitch) of 10 stitch/cm, on

the biomechanical properties and assembly of the

device was studied. In the second knitting experi-

ment, a stitch density of 8 stitch/cm was used to

facilitate usage of more commonly available textile

machines (double-needle bed Rachel machine with

gauge E20, Mini-tronic 800, RIUS-COMATEX, Bar-

celona, Spain). Based on the ease of assembly, struc-

tural characteristics, swelling and compression

strength of experiment 1, only the 2 9 1 and

2 9 1 ? pillar stitch lapping designs were used to

determine the effect of the stitch density and amount

of layers for optimal functioning of the bioAID (6, 5

or 4 layers for the 2 9 1 lapping design and 5, 4 or 3

layers for the 2 9 1 lapping with pillar stitch design)

Figure 1 Schematic representation of the bioAID and its biomimicry compared to a natural disc.
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to replicate the layered structure of the annulus

fibrosus [10]. The diameter of the tubular fiber jackets

was calculated to tightly fit around the hydrogel core

and restrict swelling, resulting in a theoretical

diameter of 18 mm. However, this diameter had to be

adjusted for fabrics with different course stitch den-

sities and lapping designs since this affects the elas-

ticity of the fabric. Both fabric structures and

complete assembled devices were mechanically

assessed.

Device assembly

The device is composed of three parts, a hydrogel

core, a fiber jacket and two endplates (Fig. 3), which

are assembled to create human and canine prototypes

[6]. Canine prototypes were evaluated as preparation

for the planned animal trials. First of all, the hydrogel

was wrapped in an UHMWPE membrane (38 lm
thick, 5 g/m2, 0.9 lm pore, membrane, DSM

Biomedical, Geleen, the Netherlands) and heat sealed

using a thermal cutter (HSG-0, HSGM, Walluf,

Germany) to contain the hydrogel and prevent

leaching of hydrogel particles. The hydrogel sealed in

the membrane was then inserted inside the tubular

warp-knitted fiber jacket made of multifilament

UHMWPE yarn (Dyneema Purity� SGX, dtex110, TS

100, DSM Biomedical, Geleen, Netherlands). After the

core was positioned at the bottom of the jacket such

that it laid in the transverse plane of the tube, the

open end was twisted tight, and the jacket was pulled

backward, inside out, over the core again, closing the

open side with a 180� twist, resulting in the first two

jacket layers. The wrapping process was repeated

until the number of desired layers was reached. At

the innermost layer of the jacket layers, two wire-

eroded titanium endplate rings (10 9 9 9 0.3 mm)

with 2 mm pins, on either flat surface of the implant,

was inserted before closing the jacket, such that the

pins protruded out of the jacket. The open end of the

jacket was closed by manual stitching using

UHMWPE yarn (Dyneema Purity� SGX, dtex110, TS

100, DSM Biomedical, Geleen, Netherlands).

Table 1 Experimental design to determine the optimal fiber jacket configuration

Experiment 1: effect of stitch patterns Experiment 2: effect of stitch density and layers

Density 10 stitch/cm 8 stitch/cm

Stitch pattern 1 9 1 2 9 1

1 9 1 ? pillar stitch 2 9 1 ? pillar stitch

2 9 1

2 9 1 ? pillar stitch

Read outs Human device mechanical characterization Canine device mechanical characterization

Fabric mechanical and structural properties Fabric mechanical and structural properties

Figure 2 a Schematic drawing of stitch components and different stitch designs; b knitted tubes with different lapping designs (1 9 1,

1 9 1 ? pillar stitches, 2 9 1, and 2 9 1 ? pillar stitches).
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Fabric structural and mechanical evaluation

The fabric structures (1 9 1 (10 stitch/cm), 1 9 1

with pillar (10 stitch/cm), 2 9 1 (8 and 10 stitch/cm)

and 2 9 1 with pillar stitch (8 and 10 stitch/cm) were

characterized in terms of the fabric weight, thickness,

porosity, bursting strength and abrasion resistance.

Fabric weight (g/m2) was determined based on

ASTM D3776, where the areal density (mass/unite

area) was obtained by weighing 2 9 10 cm2 samples

and dividing it by the area (n = 3). Thickness (mm)

measurements were executed following ASTM

D1777-96. An automatic thickness gauge was used,

where a specimen was placed on the base of a

thickness gauge and a weighted presser foot applied

a pressure of 0.41 Bar (n = 3). The porosity of the

fabric was analyzed by microscopy using a magnifi-

cation of 100x (Keyence Microscope VHX S550t,

USA). Next, the images were binarized using ImageJ

(NIH, USA) and used to calculate the pore size (n = 3,

lm). Bursting strength was assessed as described in

ASTM D3786/D3786M. Briefly, a compressive force

was applied at a constant rate of 300 mm/min on the

sample (12 9 12 mm) using a polished, hardened

steel ball until rupture occurred (Autoburst SDL-

Atlas M229, SDL Atlas Textile Testing Solutions,

Rock Hill, USA). Displacement and load were con-

tinuously recorded and used to calculate the average

failure load (n = 5). Lastly, abrasion resistance was

measured, as reported in ASTM D4966-12, to assess

the risk of wear debris. Three samples (circular,

diameter = 38 mm) were preconditioned at 20 �C at

relative humidity of 65% and rubbed against stan-

dard wool felt under 12 kPa pressure until two or

more yarns were broken, or when a hole appeared

(Martindale Wear and Abrasion Tester M235, SDL

Atlas Textile Testing Solutions, Rock Hill, USA). The

average number of rubs required to rupture two or

more yarns or develop a hole in a knitted fabric was

reported (n = 4).

Device evaluation: swelling and mechanical
integrity

To assess what textile structure and number of jacket

layers is optimal for the complete implant, in terms of

swelling restriction and compressive mechanical

strength, the swelling properties and compressive

mechanical strength of the implants were evaluated.

It was assumed that the incorporation of the endplate

would not have a large effect on the swelling and

compressive strength of the device and was therefore

not included in the tested prototypes. Swelling

capacity of the produced bioAID prototypes was

tested in PBS (Dulbecco’s Phosphate Buffered Saline,

Sigma Aldrich) at 37 �C under a 50 N load to mimic

the passive compressive load of a cervical spine

[11, 12]. The mass was determined before the

Figure 3 Images during the production procedure for each textile structures, showing the formation of the knot at the central cranial and

caudal sides of the implant. Scale: 10 mm.
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experiment and after reaching swelling equilibrium

and used to calculate the swelling mass ratio (Q) by

Eq. (1), where Ms is the mass in the swollen state and

Md is the mass in the dry state.

Q ¼ Ms �Md

Md
ð1Þ

Compressive strength and mechanical integrity

were determined by a static axial compression test.

Samples were subjected to compressive load at

3 mm/min until failure or limit of the load cell (MTS;

criterion model 42, MTS Systems corporation, Eden

Prairie, MN USA, load cell of 1 kN). Failure was

defined as a force drop at constant displacement. The

strength was defined as the highest load before fail-

ure, or ‘‘higher than 5 kN’’ (limit of load cell), and

stiffness was determined as the slope of the linear

region of the curve. After testing, damage of fiber

jacket was macroscopically inspected.

Statistical analysis

Mean and standard deviation were calculated using

Microsoft Excel. Comparisons between experimental

groups were determined by one-way ANOVA, fol-

lowed by Tukey’s honest post hoc analysis to assign

significant differences. Normal distribution was ver-

ified using Shapiro–Wilk test and homogeneity of

variance by Bartlett’s test. If the experimental groups

did not show homogeneity of variances or normal

distribution, a nonparametric Kruskal–Wallis with

Dunn’s multiple comparison tests was performed. A

p\ 0.5 was considered as a statistically significant

difference. All statistical comparisons between

groups were performed using GraphPad Prism ver-

sion 8.02 for Windows (GraphPad Software).

Results

Fabric structural properties

As expected, fabric thickness and fabric weight were

lower for the 1 9 1 lapping design compared to the

2 9 1 lapping design and decreased with decreasing

fabric density. The introduction of pillar stitch

resulted in an increased fabric thickness and weight

compared to the same fabric without pillar stitch

(Table 2). The twists in the jacket resulted in a disc

with slightly thicker central areas on both cranial and

caudal surfaces. As a result, both jackets with pillar

stitch fabrics had a significant thicker knot of

approximately 0.2 mm at cranial and caudal sides of

the device and overall disc height caused by the

twisting assembly method (Fig. 3).

To assess which textile structure is more suitable to

facilitate osseointegration by cell infiltration, the pore

sizes of the different textile structures were measured

(Table 2). The pore sizes were mostly influenced by

the lapping design, being highest for 1 9 1 lapping,

followed by 1 9 1 with pillar stich, 2 9 1 and 2 9 1

with pillar stitch. The reduction in fabric density also

gave rise to larger pore sizes for the same textile

structure.

Fabric mechanical properties

Abrasion resistance (number of rubs needed until

loop damage) was only influenced by the introduc-

tion of a pillar stitch, and not by the lapping design or

change in fabric density (Table 2). On the other hand,

bursting strength (force required for loop rupture)

increased for the 2 9 1 lapping design compared to

1 9 1 and when introducing a pillar stitch (Table 2).

Overall, the effect of the pillar stitch on the bursting

strength was significant compared to the effect of the

lapping design.

Device evaluation: swelling and mechanical
integrity

Effect of knitting lapping design

Only the combination of the 2 9 1 lapping design

with pillar stitch decreased the swelling capacity

significantly compared to the other stitch patterns

(Fig. 4). Restricting the swelling results in an osmotic

internal pressure required to withstand compressive

forces. When looking at the compressive properties, it

can be seen that all textile structures were able to

withstand more than the physiological load of 75 N

(Fig. 4) [11, 12]. However, using the 2 9 1 lapping,

either with or without pillar stitch, increased both the

ultimate load as well as the stiffness of the bioAID

above peak and impact loads reported to range

between 100 and 1200 N and physiological stiffness

of 500 N/mm [11, 13–15]. For the ultimate load, this

was only statistically significant for the 2 9 1 with

pillar stitch. No macroscopical damage of the fiber
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Table 2 Fabric properties for the 4 different textile structures with either fabric density of 10 stitch/cm or 8 stitch/cm

Fabric thickness

(mm)

Fabric weight

(g/m2)

Fabric pore

size (lm)

Abrasion resistance

(cycles)

Burst strength

(MPa)

Density of 10 stitch/cm

1 9 1 0.35 ± 0.005 91 ± 0.88 1150 ± 25 50,000 ± 2083 1.25 ± 0.07

1 9 1 ? pillar

stitch

0.47 ± 0.004 154 ± 0.57 940 ± 50 55,000 ± 2291 1.68 ± 0.10

2 9 1 0.53 ± 0.004 128 ± 0.72 730 ± 35 50,000 ± 2083 1.46 ± 0.10

2 9 1 ? pillar

stitch

0.80 ± 0.005 176 ± 1.2 400 ± 50 60,000 ± 2500 1.84 ± 0.11

Density of 8 stitch/cm

2 9 1 0.48 ± 0.006 110 ± 0.83 860 ± 25 50,000 ± 2083 1.14 ± 0.05

2 9 1 ? pillar

stitch

0.61 ± 0.005 158 ± 0.93 540 ± 40 60,000 ± 2500 1.60 ± 0.09

Figure 4 Swelling mass ratio, compressive ultimate load and compressive stiffness (mean ± SD) of each fiber jacket design in human

prototypes. One-way ANOVA (*p\ 0.05, **p\ 0.01, ***p\ 0.001).
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jacket was observed after the test, bioAIDs failed due

to cracking of the hydrogel.

Effect of the number of jacket layers

Based on the results of the different textile structures,

it was concluded that both 2 9 1 lapping with and

without pillar stitch seemed to be best for ensuring

safety under physiological compressive loads of the

bioAID. Therefore, these two textile structures were

assessed to determine the number of layers for opti-

mal functioning of the full device. No significant

effect could be observed between the different knits

and number of layers used, and all groups were able

to withstand the physiological load of 75 N (Fig. 5)

[11, 12]. No macroscopical damage of the jacket was

observed after the test.

Discussion

In the previous design, the integrity of the fiber jacket

using single yarn weft-knitting technique was not full

proof and could have become compromised, espe-

cially since it is often exposed to sharp bony protru-

sions and sharp surgical tools during implantation

[6]. Using warp-knitting as a textile structure reduces

the risk of disintegration upon yarn damage since it is

produced from multiple yarns. Therefore, the objec-

tive of this study was to investigate several warp-

knitted textile patterns for the fabrication of a novel

biomimetic disc replacement device.

One of the most important requirements of the

fiber jacket is limiting the swelling of the hydrogel to

replicate the semi-constrained motion characteristics

seen in a natural disc [16]. The semi-constrained

motion, where small deformations are easily allowed

by the soft hydrogel, while larger deformations are

resisted by the tensile strong jacket, have been

assessed in another study [17]. In this research, all

devices had a swelling capacity of 60% or less

Figure 5 Swelling mass ratio, compressive ultimate load and compressive stiffness (mean ± SD) and corresponding number of layers of

2 9 1 and 2 9 1 ? pillar stitch structures in canine prototypes.
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compared to the mass immediately after preparation.

Previous results (data not shown) have shown that

the isolated hydrogel can swell up to double its initial

weight when swollen unconstrained [18]. This indi-

cates that all the different textile groups are capable

of restricting the swelling of the hydrogel to create an

internal pressure that can withstand physiological

compressive forces. Only the combination of 2 9 1

lapping design with a pillar stitch resulted in a sig-

nificantly lower swelling. This might be related to the

pillar stitch, resulting in a reduced stretchability.

When reducing the density to 8 stitch/cm, this effect

becomes nonapparent.

This difference in swelling capacity did not affect

the ultimate compressive load and stiffness of the

complete device, which was most influenced by the

lapping design. The 2 9 1 lapping design showed a

significantly higher stiffness and ultimate load, and

no effect of the pillar stitch was visible. This can be

explained by the fact that the underlap is longer and

has a flatter course, making it less elastic in the

transverse direction compared to the 1 9 1 lapping

structure [19]. The lack of influence of introducing a

pillar stitch can be explained by the fact that there is

no lateral connection but only a connection with the

other binding elements of the lapping design,

increasing the stability only in the longitudinal (and

radial) direction [20]. Although loads in normal daily

life that are being transferred through the interver-

tebral disc all have a compressive component, these

findings cannot be extrapolated to all different load-

ing modes that act on a spinal segment. Therefore,

additional studies that assess multiple loading modes

and investigate the effect on the kinematics of the

spine are required.

Although the function of UHMWPE membrane is

to contain the hydrogel, it is loose and does not limit

it from swelling. Thus, it was relevant to assess if the

fiber jacket could withstand the hydrogel’s swelling

pressure without yarn rupture. As can be seen from

the bursting strength data, all textile patterns only

failed above the previously measured hydrogel

swelling pressure tested in a rigidly confined com-

pression setup of 1 MPa [18]. Also being above the

physiological internal pressures measured for natural

nucleus pulposus that ranges between 0.3and 1 MPa

[12, 21–23]. This is also consistent with the results of

the swelling and compression test of the full device,

where no macroscopical damage of the fiber jacket

was observed.

To ensure longevity of the device, the fiber jacket

should be wear resistant as the layers of the fiber

jacket are not restricted from moving relative to each

other. To assess the wear performance of the different

textile patterns, an abrasion test was performed to

give insight into the number of cycles needed before a

loop is damaged, which could potentially weaken the

fiber jacket. The differences in abrasion resistance

between the different textile structures were small,

and only the introduction of a pillar stitch in the

2 9 1 lapping design resulted in a significantly

increased abrasion resistance. This indicates that the

yarn and its mechanical properties play the largest

role in the jacket’s wear performance. It is known that

UHMWPE yarns have an extremely high wear

resistance, represented by its high abrasion resistance

and flex life ([ 100 000 cycles) [7, 24]. This indicates

that the risk of yarn rupture causing weakening of the

complete fiber jacket is assumed to be minimal for all

the textile structures that were investigated. This

study did not include assessment of wear debris,

which can trigger an inflammatory response that

could lead to aseptic loosening and prosthesis failure

[24]. Therefore, further work is needed to establish

this risk of wear debris, especially since in the current

design multiple layers of UHMWPE textile are used

that can rub against each other, increasing the risk of

creating wear particles. However, as no yarn rupture

occurred one could assume that this is not of con-

siderable volume. The risk is even further reduced

after bone has grown into multiple layers of the fiber

jacket, limiting motions that could cause wear. In

addition, the durability, fatigue and creep properties

of the jacket and full device should also be assessed

to get a more complete picture of the bioAIDs

longevity.

Another important aspect that should be consid-

ered when designing the fiber jacket is that the sur-

face directly interfacing the vertebral bodies should

facilitate osseointegration, known to be one of the

most critical parameters influencing clinical success

[25–27]. In this study, based on the structural prop-

erties, it was assessed if the pore size of each textile

structure would allow cell infiltration. For both stitch

densities, only the 2 9 1 with pillar stitch design was

within the optimal range of 100–600 lm [28–33]. It

should however be noted that by introducing multi-

ple layers, the total porosity of the jacket is affected

and likely reduced. It was therefore assumed that

also the 2 9 1 lapping design could be a

8948 J Mater Sci (2023) 58:8940–8951



suitable surface for cell infiltration. Besides structural

properties, chemical and physical characteristics will

also influence the osseointegration of the device.

UHMWPE is known to be inert and hydrophobic,

and thus unsuitable for cells to adhere to [34]. Hence,

to improve the osseointegration potential of the

bioAID, surface modifications, such as plasma treat-

ment or hydroxyapatite coatings, which improve

bioactivity should be assessed in future research [35].

The fiber jacket should behave as a homogeneous

structure that covers the hydrogel and endplate such

that it behaves as one integrated unit similar to a nat-

ural IVD. This can be either achieved by increasing the

stitch density or by wrapping the hydrogel and end-

plate in multiple layers. Based on the fabric mechanical

properties, especially the 2 9 1 and 2 9 1 with pillar

stitch of both the 8 stitch/cm and 10 stitch/cm samples

demonstrated to be suitable for functioning of the

bioAID. However, an advantage of the 8 stitch/cm

fabrics is that it can be produced on more commonly

available textile machines, improving the manufactur-

ing capabilities and quality control. It was also expected

that decreasing the stitch density from 10 stitch/cm to 8

stitch/cm would lead to a reduced compressive

strength of the complete device. Thus, although the 10

stitch/cm 1 9 1 lapping prototypes resembled the

natural stiffness better, it was decided to continue with

the 2 9 1 and 2 9 1 with pillar stitch and prioritize

manufacturing feasibility and a higher failure load to

ensure structural integrity under reported impact loads

of 100–1200 N [11, 13–15]. Therefore, the effect of layers

on functioning of the bioAID for the 2 9 1 and 2 9 1

with pillar stitch textile structures was investigated

with 8 stitch/cm density structures. The results of the 8

stitch/cm samples also confirmed this decrease in

stiffness, showing stiffness ranging between 400 and

500 N/mm.

No statistical differences in swelling and mechan-

ical characteristics were found between samples with

different layers or stich densities, making the struc-

tural parameters of the bioAID after assembly an

important consideration for choosing the most opti-

mal jacket configuration. By introducing a pillar

stitch, the textile construct becomes denser and

heavier because of the higher yarn consumption in

the underlap. As a result, the twists in the 2 9 1 with

pillar stitch jacket resulted in a disc with a signifi-

cantly thicker center part on both cranial and caudal

sides compared to the 2 9 1 samples. This was con-

sidered to be a disadvantage for the implantation of

the device, increasing the risk of over distracting the

disc space. Moreover, the 2 9 1 textile structure with

pillar stitch has a fabric thickness that with only 3

layers already results in a final thickness of approx-

imately 4 mm when unswollen. The optimal height

of the device should be within the physiological

height range of the IVD of the cervical spine, being

between 4 and 6 mm [36–38]. Therefore, the 2 9 1

lapping design was considered to be most optimal

based on all discussed parameters. To reduce the

need of vertebral distraction during implantation,

four layers was hypothesized to be most optimal.

This study was focused on the effect of fabric prop-

erties within a novel cervical disc replacement device.

While this study varied in testing human and canine

prototypes (as preparation for animal trials), complicat-

ing mutual comparisons, it was still useful for deter-

mining the optimal fiber jacket configuration. It would,

however, be valuable to investigate the complex inter-

play of the textile structure, geometry and yarn proper-

ties in future studies. In addition, it should be noted that

the current device is still a prototype, requiring multiple

manual assembly steps that can give rise to variabilities

and suboptimal characteristics such as the knot forma-

tion due to the jacket twisting. In the future, it would be

desirable to set up a more automated assembly proce-

dure to rule out these effects. Taken together, these

findings suggest that using 4 layers of the 2 9 1 lapping

structure is the most optimal configuration for func-

tioning of the bioAID and future studies.
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