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The temporomandibular joint (TMJ) is a bilateral ginglymoarthroidal joint

containing a fibrocartilaginous disc which distributes compressive stress and

reduces friction on the articulating surfaces of the joint. Initially, conservative

treatments can address disorders of the TMJ, but surgical procedures such as

discectomy may be employed if dysfunction persists. Unfortunately,

discectomy increases friction and alters the mechanical behavior of the TMJ

when the disc is not replaced. An ideal replacement for the TMJ disc would

restore healthy function of the joint and prevent further degeneration. Rigorous

evaluation of materials is necessary to ensure the safety and efficacy of novel

implants. Poly(vinyl) alcohol (PVA) hydrogels have been suggested as a good

candidate for artificial cartilage replacement in other applications and are

promising for replacing the TMJ disc due to their biocompatibility, low

friction, and biomimetic levels of hydration. The objective of this study was

to mechanically characterize hydrogel formulations of 15, 20, and 25% PVA and

to compare them with the ovine TMJ disc to investigate the appropriateness of

PVA hydrogels for TMJ disc replacement in a translational model. Experimental

evaluations were conducted in indentation, unconfined compression, friction,

and uniaxial tension. There were no statistically significant differences in the

coefficient of friction between the PVA hydrogels and ovine TMJ disc. No

statistically significant differences were found between at least one PVA

hydrogel group and the TMJ disc for the indentation properties or the

unconfined compression properties at low stretch magnitudes. The 20% PVA

and 25% PVA hydrogels exhibited significantly higher failure stretch as

compared to the ovine TMJ disc, and they were not statistically different in

ultimate tensile strength from the TMJ disc in the mediolateral direction.

However, the ovine TMJ disc tensile elastic moduli were 630 times larger in

the anteroposterior direction and 53 times larger in the mediolateral direction

than the stiffest PVA hydrogel. Ultimately, the 25% PVA hydrogel was the best

candidate for TMJ disc replacement, demonstrating the most similarity to the

ovine TMJ disc compressive properties; however, tensile reinforcement of the

hydrogels would be necessary to approach the tensile modulus of the native

TMJ disc.
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Introduction

The temporomandibular joint (TMJ) disc is a biconcave,

fibrocartilaginous disc positioned between the mandibular

condyle and glenoid fossa [1]. The TMJ disc separates an

upper and lower joint capsule and acts to distribute shear and

compressive forces throughout the range of jaw movements

[2]. Musculoskeletal conditions of the TMJ complex are

classified by a wide range of symptoms including functional

limitations and orofacial pain, which may be myogenous or

arthrogenous [3–5]. Pain in the TMJ is prevalent, effecting

approximately 10% of the population over the age of 18 [6].

Conservative, non-invasive methods to reduce pain are

implemented initially, but in cases where joint degradation

continues to progress, a surgical procedure may be required

[7]. TMJ disc excision is a common surgical technique and can

be effective in reducing pain [8]. However, TMJ disc excision

does not address the underlying causes of joint degradation

and inherently increases friction on the condylar and fossa

surfaces [9], which may lead to crepitation and morphological

changes [10, 11]. To address this problem, numerous

interpositional graft materials have been investigated with

the objective of restoring joint homeostasis after disc

removal. Artificial materials such as silastic and Proplast-

Teflon were introduced and subsequently removed from the

market after reports of foreign body giant cell reactions and

material fragmentation [12]. Autogenous muscle and skin-fat

grafts have also been implemented with some positive results,

but these procedures have not been shown to consistently

outperform discectomy [13]. There has also been a recent

push for tissue engineering approaches to TMJ disc

replacement; the goal of these treatments is to alleviate

pain, improve function, and to slow or reverse degenerative

changes in the TMJ [14–16]. Unfortunately, low vascularity of

native TMJ tissues and insufficient construct mechanical

strength complicate the application of current tissue

engineering solutions [17]. Developing a robust alloplastic

replacement strategy could provide a reliable solution for

patients requiring TMJ disc excision while circumventing

the biological barriers to clinical implementation of tissue

engineering solutions, and may also prolong patient function

with a native joint delaying or preventing the need for total

alloplastic joint replacement.

Polyvinyl alcohol (PVA) hydrogels have been identified

as a promising candidate for musculoskeletal soft tissue

replacement. These hydrogels can be formulated to be

mechanically similar to a range of cartilaginous tissues,

exhibit low friction, and have biomimetic water content

[18–21]. PVA hydrogels and associated wear particles

exhibit excellent biocompatibility and hemocompatibility

[22], and have been shown to exhibit a lower tissue

response than ultra-high molecular weight polyethylene

[23]. Among other applications, PVA hydrogels have been

investigated as a replacement for intervertebral discs [24],

meniscus [25], vasculature [26], and other load bearing joint

replacements [27–29]. However, to our knowledge, PVA

hydrogels have only recently been investigated for

replacement of the TMJ disc [30].

The goal of this study was to directly compare the

mechanical behavior of PVA hydrogels with known weight

concentrations to freshly harvested ovine TMJ discs in order

to determine the appropriateness of PVA hydrogels for TMJ

disc replacement. Ovine tissue was utilized to determine the

suitability of the materials for use in preclinical studies. PVA

hydrogels with polymer weight concentrations of 15, 20, and

25% were evaluated in indentation, unconfined compression,

friction, and uniaxial tension experiments. Ovine TMJ discs

were also experimentally tested in unconfined compression

and friction. PVA hydrogel results in indentation and

uniaxial tension were compared to previously published

ovine TMJ disc results following identical testing

protocols [31].

FIGURE 1
Summary of experimental groups and mechanical
evaluations with representative sample images.
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Materials and methods

PVA hydrogel synthesis

PVA (molecular weight 89,000-98,000, 99+% hydrolyzed,

Sigma-Aldrich, St. Louis, MO) was mixed with deionized (DI)

water in a sealed beaker and heated to 80°C for at least two hours

while stirred. PVA hydrogels were synthesized with 15, 20%, and

25% initial polymer weight concentrations at mixing. Sheets of

PVA hydrogel were molded between two glass microscope slides

with a thickness of 2 mm for friction testing specimens and 1 mm

for compressive, indentation, and tensile testing specimens. All

groups were subjected to 6 freeze-thaw cycles (12 h at −18°C, 3 h

at 20°C). After cycling, all gels were removed from their molds

and submerged in phosphate buffered saline (PBS) for at least

24 h prior to testing. Molded PVA sheets were cut to the

appropriate geometries (Figure 1) immediately before testing.

Temporomandibular joint discs

Fresh TMJ discs were harvested from skeletally mature

female Columbian Rambouillet sheep euthanized for unrelated

studies (Colorado State University Institutional Animal Care and

Use Committee protocol KR104). A total of eight left and eight

right TMJ discs were excised and designated for unconfined

compression or friction testing.

Percent polymer fraction

Excess PVA hydrogel cuttings from each concentration were

stored in PBS. To calculate percent polymer fraction (%PF), PVA

hydrogel samples from each group were removed from PBS,

blotted to remove excess surface fluid, and weighed. These

samples were then placed in a vacuum chamber for 7 days,

which was sufficient time for the sample weight to reach

equilibrium. The %PF for each sample was calculated

according to Eq. 1, where Ww is the wet weight and WD is

the dehydrated weight.

%PF � WD

WW
p 100 (1)

The %PF calculated for the 15% PVA, 20% PVA, and 25%

PVA hydrogel groups were 17.3, 23.8, and 26.1%, respectively.

Indentation

Indentation stress-relaxation testing was performed on

hydrogel samples using a servo-hydraulic material testing

machine (Model 370.02, MTS Systems Corporation, Eden

Prairie, MN) with a calibrated 8.9 N capacity load cell

(LSB200, Futek, Irvine, CA). Twenty indentations were

performed for each PVA hydrogel concentration across two

molded PVA hydrogel sheets. A stainless-steel indenter tip

with a radius of 0.40 mm was used for all indentation. A

preload of 0.5 mN was used to identify the surface of the

sample, followed by a 30 s hold period before indentation. All

samples were indented to a depth of 0.2 mm at a rate of 0.2 mm/s

and held for a relaxation period of 100 s before tip retraction,

following the protocol for previous ovine TMJ disc testing [31].

Force and displacement data were collected throughout the test.

The elastic moduli (E) were estimated following Hertzian contact

mechanics [32],

E � 1 − υ2

4R1/2d3/2

3F − 1−υ2i
Ei

(2)

where, υ = 0.44 is the Poisson’s ratio of the sample [33], υi =

0.29 is the Poisson’s ratio of the indenter tip, Ei = 210 GPa is the

Young’s modulus of the indenter tip, F is the measured force, and

d is the indenter tip displacement. The instantaneous modulus

was calculated using a least-squares fit of Eq. 2 to the loading

portion of the force-displacement data. Force-displacement data

from the end of the 100s hold period was used to calculate the

equilibriummodulus using Eq. 2. Any indentations for which the

root mean squared error percentage for the least squares fit was

greater than 5% were discarded. This eliminated indents where

the surface of the sample was incorrectly identified, or where

there were sudden compliance changes uncharacteristic of elastic

materials [34].

Unconfined compression

Unconfined compression tests were performed on cylindrical

samples of the ovine TMJ discs and PVA hydrogels for direct

comparison. Ten (n = 5 right, n = 5 left) ovine TMJ discs and

eight samples from each PVA hydrogel concentration were

designated for use in unconfined compression experiments. A

cylindrical sample was removed from the central portion of each

TMJ disc and from PVA hydrogels using a 2 mm diameter biopsy

punch. TMJ disc and PVA hydrogel samples were mounted in a

hydraulic testing system between two parallel compressive

platens (Model 858, MTS, Eden Prairie, MN) with a 220 N

load cell (661.09 B-21, MTS, Eden Prairie, MN). Each sample

was loaded to a minimum of 60% strain at a strain rate of

0.005 s−1, and paired force-displacement data were collected.

Stress was calculated as the axial force divided by the sample

cross sectional area, and stretch was calculated as the

displacement of the upper platen divided by the initial height

of the sample. Incompressibility was assumed due to the high

water content of the TMJ discs and PVA hydrogels [35]. The

experimental stress-stretch data between λ = 1.00 and λ =

0.56 were fitted to a 2-term Yeoh model:
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ψ � C1(I1 − 3) + C2(I1 − 3)2 (3)

where ψ is the strain energy density, C1 and C2 are material

constants, and I1 is the first invariant of the right Cauchy-Green

deformation tensor,

I1 � λ21 + λ22 + λ23 (4)

Here, λ1, λ2, and λ3, are the principal stretches. For

unconfined compression, λ1 = λ, λ2 = λ3 = λ−1/2, and σ22 =

σ33 = 0. Therefore, the axial Cauchy stress (σ11) can be related to

the axial stretch (λ) according to the following equation:

σ11 � 2(λ − 1

λ2
)[C1 + 2C2(λ2 + 2

λ
− 3)] (5)

The values of C1 and C2 were determined using a least-

squares fit of Eq. 5 to the stress-stretch data. In addition, the

tangent moduli at stretch values from λ = 1.00 to λ = 0.96 and λ =

0.60 to λ = 0.54 were calculated using a localized linear

regression. Stretch ranges were chosen to represent an initial

tangent modulus (λ = 1.00 to λ = 0.96), and tangent modulus at a

physiologically relevant maximum strain based on finite element

modeling of the human TMJ while clenching (λ = 0.60 to λ =

0.54) [36].

Friction

The coefficient of friction (COF) of PVA hydrogels and TMJ

discs were tested against a bearing surface of ovine TMJ fossa

cartilage. Six (n = 3 right, n = 3 left) ovine TMJ discs were

designated for friction testing. Eight PVA hydrogel samples from

each group were cut to an approximate size of 40 mm by 20 mm.

A cylindrical osteochondral plug with radius 3.2 mm was

extracted from an ovine TMJ fossa and kept hydrated with

PBS. The same osteochondral specimen was used for all tests

on all materials in order to keep the testing conditions consistent

and comparable. This plug was mounted in a torsional hydraulic

testing machine with an offset of 90 mm from the center of

rotation (Figure 2). Amass was applied above the cylindrical plug

to induce a uniform pressure of 100 kPa throughout the test [37].

All samples were fixed to a brass substrate via cyanoacrylate

adhesive and immersed in an artificial synovial fluid consisting of

30 g/L newborn calf serum diluted with PBS, 2 g/L sodium azide,

3 g/L EDTA, and 3 g/L hyaluronic acid [38]. The cylindrical

cartilage plug was drawn back and forth across the surface five

times each at rates of 0.4 mm/s, 4.0 mm/s, and 40 mm/s [39, 40].

The induced normal and transverse forces were measured using

an axial and torsional load cell (Model 661.19H-03, MTS, Eden

Prairie, MN). The COF was calculated as the absolute value of the

transverse force, divided by the normal force. The average COF

was calculated over the central 90% of the total stroke length for

the five cycles at each speed.

Tensile testing

PVA hydrogel tensile specimens were tested following the

protocol previously described for ovine TMJ disc testing [31].

PVA hydrogel specimens were cut to a dog-bone shape with

width 3.48 ± 0.14 mm and thickness 1.44 ± 0.10 mm (mean ±

standard deviation). The initial distance between grips was

measured after a preload of 0.05 N was applied. Graphite

powder was applied to the top surface of each sample to

enhance the texture for measuring strain via digital image

correlation. Each sample was preconditioned for 10 cycles to

8% strain at a displacement at a rate of 8% strain/second. Once

preconditioned, samples were loaded to failure at a rate of

0.01 s−1. The initial grip-to-grip distance was used to define

the strain rate used for each test. AMATLAB-based digital image

correlation algorithm was used to calculate the average stretch of

FIGURE 2
Friction testing setup showing (A) offset loading apparatus, (B)mounted osteochondral plug and (C) PVA hydrogel sample immersed in artificial
synovial fluid.
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a central region of interest of each sample up to a stretch of λ =

1.4. The stress-stretch data were used to determine a tensile

elastic modulus using a linear fit of the data between λ = 1.1 to λ =

1.2, matching the range used for TMJ disc samples. The failure

stretch for each sample was calculated by measuring fiducial

markers using ImageJ (Version 1.52s, National Institute of

Health, Bethesda, MD) [41]. PVA ultimate strength was

defined as the maximum stress observed for each sample, and

PVA sample toughness was calculated as the peak first Piola-

Kirchhoff stress multiplied by the failure stretch, divided by two

due to the highly linear stress-stretch behavior.

Statistical analysis

A one-way ANOVA with post hoc Tukey test was used to

compare the PVA hydrogel and TMJ disc tensile moduli, failure

stretch, ultimate tensile strength, and toughness. A logarithmic

transformation was applied to all of the tensile data in order to

satisfy the assumptions of normality and equal variance. For the

remaining parameters, data collected from the TMJ discs were

non-normal and exhibited higher variation than the PVA

hydrogels. Thus, PVA and TMJ disc results were compared

using a Kruskal–Wallis test, with post hoc Wilcoxon

comparisons. Any comparisons with p < 0.05 were reported

as significant, and all p-values are provided. Previously published

indentation data collected regionally on the ovine TMJ disc [31]

were grouped for comparison with the PVA hydrogels. Separate

statistical comparisons were made of the instantaneous

indentation moduli, equilibrium indentation moduli, the

average coefficients of friction for each speed, as well as the

tangent moduli and fitting coefficients for unconfined

compression.

Results

Indentation

The instantaneous and equilibrium moduli of the PVA

hydrogels increased with increasing polymer concentration.

The equilibrium moduli of all PVA hydrogels and pooled

TMJ disc data were smaller than their respective

instantaneous moduli (Figure 3). The ratio of average

equilibrium moduli to average instantaneous moduli was 0.19,

0.55, 0.75, and 0.82 for the TMJ disc, 15% PVA, 20% PVA, and

25% PVA, respectively. No statistical difference was found

between the TMJ disc moduli and the 15% PVA hydrogel

moduli, or between the instantaneous moduli of the TMJ disc

and 20% PVA. There was a statistically significant difference

between the 25% PVA and the TMJ disc for both the

instantaneous and equilibrium moduli. However, the

instantaneous moduli of all PVA hydrogel concentrations

were within the range of the highly variable TMJ disc moduli

(Figure 3).

Unconfined compression

The stress-stretch behavior appeared similar between the

PVA hydrogels and the TMJ disc samples under small

deformations, however, the TMJ disc data exhibited a greater

degree of nonlinearity under larger deformations (Figure 4). For

small deformations (stretch values approaching 1.00), the TMJ

disc tangent modulus was not statistically different from the 20%

PVA and 25% PVA. However, for larger compressive stretches,

the TMJ disc tangent modulus was significantly larger than all

PVA hydrogels (Figure 5). The mean tangent moduli and fitted

FIGURE 3
Box-and-whisker plots of the calculated instantaneous and equilibrium elastic moduli from indentation of the PVA hydrogels, and the pooled
TMJ data from Labus et al [29]. Groups that do not share a letter were significantly different. All p-values for post hoc Wilcoxon rank-sum
comparisons are provided in the associated table (right).
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C1 parameter increased with increasing PVA concentration

(Figure 5). The average percent root mean squared error (%

RMSE) for the 2-term Yeoh model fits of the unconfined

compression data was 0.60% for the PVA hydrogels and 3.5%

for the TMJ disc. The values of C1 and C2 for the TMJ disc were

significantly higher than those of the PVA hydrogels (p-values

provided in Figure 5).

Friction

No statistically significant difference in COF was found

between the TMJ disc and any of the PVA hydrogel groups at

any of the testing speeds. There were no differences in COF

between the three PVA hydrogel concentrations at the 0.4 mm/s

speed, but the COF of the 15% PVA hydrogel was significantly

lower than the 20 and 25% PVA hydrogels at 4 mm/s and

40 mm/s speeds. The COF for the TMJ disc was nearly

identical across testing speeds (Figure 6).

Tensile testing

The average elastic modulus, failure stretch, ultimate tensile

strength, and toughness increased with increasing PVA

concentration (Figure 7). The elastic modulus, ultimate tensile

strength, and toughness were all greater in the anteroposterior

(AP) direction (predominant fiber direction) than in the

mediolateral (ML) direction (transverse to the fibers) for the

TMJ disc. The mean elastic modulus of the TMJ disc tissue in the

AP and ML directions was 630 and 53 times greater, respectively,

than the mean elastic modulus of the 25% PVA hydrogel. The

ultimate tensile strength of the TMJ disc in the ML direction was

not significantly different from the 20% or 25% PVA hydrogels

(Figure 7). In the AP direction, the TMJ disc ultimate strength

was significantly greater than all PVA hydrogel materials. Failure

stretch of the 20% PVA and 25% PVA was significantly greater

than the TMJ disc regardless of direction. The toughness of the

20% PVA and 25% PVA was not statistically different from the

AP TMJ disc.

Discussion

These experiments provide a broad analysis of the

mechanical behavior of PVA hydrogels with a direct

comparison to the ovine TMJ disc. Overall, trends in these

data show increasing elastic moduli measured for indentation,

tension, and unconfined compression with increasing %PF. The

PVA hydrogels exhibited similar properties to the TMJ disc in

indentation, friction, unconfined compression at small

deformations, and tensile strength. However, the TMJ disc

exhibited a greater tensile elastic modulus and compressive

elastic modulus at large deformations compared to the PVA

hydrogels.

The instantaneous and equilibrium moduli of the 15% PVA

group were not statistically different from the TMJ disc,

demonstrating that the 15% PVA most closely matches the

behavior of the TMJ discs in indentation. However, the ratio

of instantaneous to equilibrium modulus for the PVA hydrogels

was 2.9 (15% PVA) to 4.3 (25% PVA) times greater than the ratio

for the TMJ disc tissue (0.19). This emphasizes the high degree of

relaxation seen in TMJ disc tissue in comparison to the PVA

hydrogels. Ultimately, none of the PVA hydrogels matched the

degree of relaxation of the TMJ disc, but all groups fell within the

range of observed instantaneous moduli of the TMJ disc.

Activities such as chewing or talking induce larger dynamic

stresses on the TMJ disc as compared to more static,

FIGURE 4
Representative stress-stretch data for the PVA hydrogels and TMJ discs tested in unconfined compression.
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distributed forces induced by clenching [42]. The dynamic

mechanical behavior is primarily governed by the

instantaneous properties compared to the equilibrium

properties of the tissues. Therefore, the instantaneous

modulus may be a more critical consideration in a TMJ disc

replacement material than the equilibrium modulus.

The unconfined compression results reveal a

disproportionate increase in tangent modulus with

increasing stretch magnitude for the TMJ disc compared

to the PVA hydrogels. At lower levels of stretch, the

tangent modulus of the TMJ disc was not significantly

different from the 20 and 25% PVA hydrogel. However, at

higher (λ = 0.60 to λ = 0.56) compressive stretch magnitudes,

the tangent modulus of the TMJ disc was significantly higher

than the PVA hydrogels. These findings are explained by the

highly non-linear behavior of the TMJ disc tissue which has

been documented across species [43]. In addition, the

tangent moduli for unconfined compression in the TMJ

disc at higher values of stretch also exceeded the

indentation moduli. This behavior is likely due to the

significant collagen fiber component in the TMJ disc,

which can contribute to the stiffness to a greater degree in

macro-scale unconfined compression compared to micro-

scale indentation [44]. Thus, we have demonstrated that the

FIGURE 5
Box-and-whisker plots of the calculated 2-term Yeohmodel fitting parameters (C1, C2) from A = 1.00 to A = 0.56, and the tangent moduli from
A = 1.00 to A = 0.96 and from A = 0.60 to A = 0.56. Groups that do not share a letter were significantly different. All p-values for post hoc Wilcoxon
rank-sum comparisons are provided in the associated table (bottom).
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PVA hydrogels do not fully mimic the non-linear behavior of

the TMJ disc. These results suggest that transversely-aligned

tensile reinforcement may be required to increase the

compressive stiffness of PVA hydrogel materials at high

strains in order to mimic the compressive behavior of the

TMJ disc.

FIGURE 6
Box-and-whisker plots of the average COF at each speed from friction evaluation of the PVA hydrogels and ovine TMJ discs. Groups that do not
share a letter were significantly different. All p–values from post hoc Wilcoxon rank - sum comparisons are provided in the associated table (right).

FIGURE 7
Box-and-whisker plots of the elastic modulus, failure stretch, ultimate tensile strength, and failure stretch from the tensile evaluation of the PVA
hydrogels and ovine TMJ discs [29]. Groups that do not share a letter were significantly different. All p–values for post hoc Tukey’s HSD tests are
provided in the associated table (bottom).
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Other research groups have demonstrated similar COF

values for PVA-based hydrogels under similar loading

conditions [19]. However, hydration, applied pressure,

translation speed, hydrogel concentration, hydrogel

molecular weight, and contacting material all influence the

apparent friction coefficient [45, 46]. These factors underscore

our motivation for comparative experiments to allow for

direct assessment between the PVA hydrogels and the

ovine TMJ disc. Our experimental conditions approximate

the in-vivo environment by including ovine TMJ cartilage as

the contacting material and lubrication with artificial synovial

fluid. At moderate (4 mm/s) and high (40 mm/s) speeds, the

15% PVA hydrogel exhibited significantly lower friction than

the 20 and 25% PVA hydrogels, suggesting that lower polymer

concentrations may exhibit better frictional properties at

higher speeds. However, this trend may not be consistent

for different applied loads. Experiments on PVA/

polyvinylpyrrolidone hydrogels have shown a decrease in

COF with increasing polymer concentration at lower

applied loads, with a reversal in trend at higher applied

loads [47]. However, the friction experiments in the current

study showed no statistical difference in COF between the

ovine TMJ disc and PVA hydrogels regardless of translation

speed or %PF.

The most disparate material property between the PVA

hydrogels and TMJ disc was the tensile modulus. Previous

tensile characterization of unmodified PVA hydrogels with the

same molecular weight and degree of hydrolysis report tensile

moduli of 0.23 ± 0.02 MPa [48] and 7.6 MPa [49]. This broad

range can be attributed to differences in synthesis methods and

PVA concentration. In our evaluation, the tensile modulus of the

25% PVA group (0.40 MPa) was 53–630 times smaller than that

of the ovine TMJ disc. These results suggest that mimicking the

tensile stiffness of the ovine TMJ disc would require

reinforcement of the PVA hydrogels. Significant research

efforts towards reinforcing PVA hydrogel networks have been

investigated [21]. Introduction of additional polymers into the

PVA hydrogel networks has shown increased tensile moduli of

approximately 200 MPa [50], and one group measured a tensile

modulus of 258.1 ± 40.1 MPa for a PVA hydrogel reinforced with

melt-blown ultra-high molecular weight polyethylene and

polypropylene fibers [48].

The PVA hydrogels demonstrated excellent toughness,

failure stretch, and ultimate tensile strength properties. The

20% PVA and 25% PVA exhibited significantly higher failure

stretch compared to the TMJ disc, and these polymers matched

the ultimate tensile strength of the TMJ disc in the ML direction.

Also, the toughness of the 20% PVA and 25% PVA was not

statistically different from the AP TMJ disc. These results, paired

with low coefficients of friction, suggest that PVA hydrogels

represent a promising candidate for TMJ disc replacement.

Ovine TMJ disc tissue was chosen for comparison in order to

assess potential implant materials in the context of preclinical

large animal studies. Pigs, goats, and sheep have all been

identified as good preclinical options, each with advantages

and disadvantages [51, 52]. Although sheep have different

diets and joint kinematics compared to humans, the overall

size, anatomy, and surgical access in sheep is similar to that

of humans. This, paired with their relatively low cost make sheep

a suitable choice for studies focused on surgical procedure and

implant development [53].

Our study was limited in scope, focusing on one PVA

molecular weight and degree of hydrolysis. The mechanical

behavior of PVA hydrogels is highly tunable, influenced by a

multitude of synthesis conditions and polymer characteristics

[54]. PVA hydrogel properties may also be optimized through

other strategies, including reinforcement from additional

polymers [55, 56] or directional freezing [49]. However, this

study does provide a baseline for comparison between one PVA

hydrogel formulation and the ovine TMJ disc.

Conclusion

Of the concentrations tested, we suggest that the 25% PVA

group (%PF 26.05%) was the most promising candidate for TMJ

disc replacement. The 25% PVA hydrogel was most similar to the

TMJ discs in compressive modulus and ultimate tensile strength,

and outperformed the TMJ discs in failure stretch. The

indentation results demonstrated better agreement between

the 15% PVA and the TMJ disc, but the instantaneous

modulus of the 25% PVA hydrogel group was within the

range of the TMJ disc. Additionally, the COF of 25% PVA

was not significantly different from the ovine TMJ disc at any

speed.

The purpose of these experiments was to provide a broad

mechanical comparison between PVA hydrogels and the

ovine TMJ disc to inform further development of a

mechanically biomimetic PVA hydrogel implant. The 25%

PVA hydrogel was most similar to the ovine TMJ disc in

unconfined compression and tension. In addition, the PVA

hydrogels showed promise for TMJ disc replacement due to

their biomimetic frictional values and potential for further

tunability. However, the disparity between the tensile

modulus and high-stretch compressive modulus of the

25% PVA hydrogel and ovine TMJ disc suggests a need for

tensile reinforcement of the PVA hydrogel structure. Overall,

these experiments support further development of PVA

hydrogels for TMJ disc replacement in an ovine preclinical

model.
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