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Abstract

This study aims to quantify the biomechanical properties of murine temporomandibular joint 

(TMJ) articular disc and condyle cartilage using AFM-nanoindentation. For skeletally mature, 3-

month old mice, the surface of condyle cartilage was found to be significantly stiffer (306 ± 84 

kPa, mean ± 95% CI) than those of the superior (85 ± 23 kPa) and inferior (45 ± 12 kPa) sides of 

the articular disc. On the disc surface, significant heterogeneity was also detected across multiple 

anatomical sites, with the posterior end being the stiffest and central region being the softest. 

Using SEM, this study also found that the surfaces of disc are composed of anteroposteriorly 

oriented collagen fibers, which are sporadically covered by thinner random fibrils. Such fibrous 

nature results in both an F-D3/2 indentation response, which is a typical Hertzian response for soft 

continuum tissue under a spherical tip, and a linear F-D response, which is typical for fibrous 

tissues, further signifying the high degree of tissue heterogeneity. In comparison, the surface of 

condyle cartilage is dominated by thinner, randomly oriented collagen fibrils, leading to Hertzian-

dominated indentation responses. As the first biomechanical study of murine TMJ, this work will 

provide a basis for future investigations of TMJ tissue development and osteoarthritis in various 

murine TMJ models.
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1. Introduction

In the temporomandibular joint (TMJ), the articular disc and mandibular condyle cartilage 

play key biomechanical roles in daily activities such as chewing and speaking (Tanaka and 

Koolstra, 2008). The TMJ disc is a fibrocartilage mainly composed of anteroposteriorly 

aligned type I collagen fibers with minute amount of proteoglycans (Detamore and 

Athanasiou, 2003). The mandibular condyle cartilage is a hybrid of fibro- and hyaline 

cartilage, in which, a surface fibrocartilage layer with anteroposterior type I collagen fibers 

covers a secondary layer of proteoglycan-rich hyaline cartilage (Singh and Detamore, 2008) 

(Fig. 1a). Such structural features endow these tissues with specialized nonlinear, anisotropic 

and heterogeneous biomechanical properties crucial to TMJ function. These properties 

include several orders higher tensile modulus compared to the compressive modulus (Allen 

and Athanasiou, 2006; Singh and Detamore, 2009a), the higher tensile (Detamore and 

Athanasiou, 2003; Singh and Detamore, 2008) and shear (Tanaka et al., 2003; Tanaka et al., 

2008b) moduli along the anteroposterior orientation than those along the mediolateral 

orientation, as well as lower surface friction coefficient along the anteroposterior orientation 

(Ruggiero et al., 2015).

TMJ osteoarthritis (TMJ OA), the most prevalent degenerative TMJ disease (Das, 2013), has 

been reported to affect 10–30% of the population (Rando and Waldron, 2012), and can be 

present even without clinical symptoms (Bertram et al., 2001). In TMJ OA, both the disc and 

condyle cartilage undergo irreversible degradation, leading to abnormal joint contact, 

craniomandibular pain and limited jaw motion (Wang et al., 2015). In seeking for effective 

treatment and functional repair strategies, murine model becomes a necessary and unique in 

vivo platform, as its availability for genetic modification and short lifespan enable 

pinpointing the TMJ development, biology and pathogenesis to specific molecules or 

signaling pathways (Suzuki and Iwata, 2016). Evaluation of the phenotype in genetically 

modified mice has provided new insights into the roles of individual matrix molecules in 

TMJ development and OA, such as lubricin (Bechtold et al., 2016; Hill et al., 2014; Koyama 

et al., 2014), biglycan and fibromodulin (Wadhwa et al., 2005), collagen types II (Ricks et 

al., 2013) and XI (Xu et al., 2003). In addition, aided by clinically relevant operations such 

as partial discectomy (Xu et al., 2009) and anterior crossbite prosthesis (Liu et al., 2014), 

TMJ OA can be induced in mice to study the disease initiation and progression in a well-

defined timeframe in vivo.

In these studies, developmental phenotype and disease symptoms of the TMJ were mainly 

evaluated by biochemical and histological assays. While these tools clearly illustrated the 

compositional and tissue-level structural changes, they did not elucidate changes in the 

biomechanical functions of TMJ during development or disease. The mechanical 

knowledge, however, is critical, for that the primary function of the TMJ is biomechanical. 

In addition, as mechanical properties are integrated responses of tissue extracellular matrix 

(ECM) composition and structure (Hung and Ateshian, 2016), they could be more sensitive 

to disease-induced degradation than biochemical or structural parameters. Currently, limited 

by the small size of the murine TMJ tissues, conventional macroscopic biomechanical tests 

are not applicable. Without such understanding, biological activities observed in murine 
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models cannot be directly connected with the TMJ function or disease-associated 

dysfunction.

The objective of this study is to define the collagen fibril structure and biomechanical 

properties of murine TMJ disc and condylar cartilage (Fig. 1a). To this end, nanoindentation 

fits well with the scope, given its capability of mechanical testing at the micro-scale, which 

is demonstrated by several studies applying atomic force microscopy (AFM) (Hu et al., 

2001; Patel and Mao, 2003) and instrumented (Yuya et al., 2010) nanoindentation on larger 

animal TMJs. Using AFM-nanoindentation, we quantified the mechanical properties of TMJ 

disc and condyle cartilage in skeletally mature, wild-type mice, including indentation 

modulus, loading rate effects, and location-dependent heterogeneity. The micromechanical 

properties were analyzed in the context of collagen fibril nanostructure of both the disc and 

condyle cartilage surfaces. We expect that the new biomechanical understanding of healthy 

murine TMJ tissues can serve as a benchmark for future investigations of TMJ development, 

aging and disease-associated mechanical changes in various transgenic or induced TMJ OA 

murine models.

2. Methods

2.1. Sample preparation

TMJ condyle heads and articular discs were harvested from skeletally mature, 3-month-old 

C57BL/6 mice (The Jackson Laboratory) and glued onto AFM discs by a cyanoacrylate 

adhesive gel (Loctite 409, Henkel Corp., Rocky Hill, CT). The condyle head and disc were 

excised out of the murine TMJ by exposing the mandibular region and cleaning the cheek 

muscle. Care was taken to remove these tissues by isolating the condyle head and the disc, 

and then separating them. Once the separation was achieved, tissues were rinsed thoroughly 

by PBS (pH = 7.4) with protease inhibitors (Pierce, Thermo Fisher, Rockford, IL). After 

rinsing, these tissues were cleaned under a microscope carefully by keeping the forceps 

away from the surface of each tissue. The debris and other soft tissues surrounding the white 

periphery of the disc were cleaned without damaging the interior of the ring, by individually 

removing each with utmost care. Samples were then preserved in PBS (pH = 7.4) with 

protease inhibitors at 4 °C for less than 24 h before the mechanical test. No statistical 

differences were observed in the mechanical properties of left versus right discs or condyle 

cartilage tissues. Therefore, for each mouse, condyle cartilage from either the left or the 

right TMJ was tested. To study both superior and inferior surfaces of the disc, we tested one 

disc on the superior (tubercle) side, and the other one from the same mouse on the inferior 

(condyle) side (Fig. 1b).

2.2. AFM-nanoindentation

Microspherical AFM tips were prepared by end-attaching borosilicate colloids (R ≈ 5 μm) 

onto the end of a tipless cantilever (nominal k ≈ 2 N/m, NSC36-B, NanoAndMore, Lady’s 

Island, SC) using the M-Bond 610 epoxy (Polysciences), following our established 

procedure (Li et al., 2015). This process was performed by using the optical microscope and 

z-step motor of the Dimension Icon AFM (Bruker-Nano, Santa Barbara, CA) as the micro-

manipulator. After the attachment, the tip was cured at room temperature in ambient 
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conditions for a minimum of 48 h to stabilize the attachment. AFM-nanoindentation was 

then performed on the surfaces of TMJ condyle cartilage and disc using the microspherical 

tip and a Dimension Icon AFM in PBS with protease inhibitors to maintain the 

physiological-like fluidic environment. For condyle cartilage (n = 10), since access to the 

non-central regions is limited by its irregular shape, nanoindentation was only performed on 

the central region. Benefited from the flat geometry of the disc, nanoindentation was 

performed on five anatomical regions: anterior, posterior, central, medial and lateral regions 

on both the superior (tubercle) and inferior (condyle) sides (n = 7 on each side). For each 

tissue and region, indentation was carried out up to ≈ 150 nN maximum force at 1–10 μm/s 

rates for at least 10 different locations within each region.

The effective indentation modulus, Eind, was calculated by fitting the whole loading portion 

of force-indentation depth, F-D, curve to the Hertz model with finite thickness correction

(1)

where R is the tip radius, ν is the Poisson’s ratio (≈0 for both condyle cartilage (Hagandora 

et al., 2011) and TMJ disc (Kim et al., 2003)) and Cχ is the substrate constraint correction 

factor that depends on R, D, H, and ν (Dimitriadis et al., 2002). For the articular disc, the 

tissue thickness, H, is measured via histological pictures, where H = 30.3 ± 8.0 μm (mean 

± 95% CI over 20 measurements on 3 animals) in the center region and H > 100 μm in the 

other regions (113 ± 23 μm at the posterior, 117 ± 24 μm at the anterior of the disc, 115 ± 2 

μm at the medial and lateral ends). Thickness of the condyle cartilage, including both the 

fibrous and hyaline layers, is also >100 μm.

2.3. Structural analysis

After nanoindentation, TMJ condyle cartilage and both sides of articular discs were exposed 

to enzymatic digestion to enable direct visualization of the collagen fibrils on the surface. 

First, tissues were incubated in 0.1 mg/mL bovine pancreatic trypsin (Sigma-Aldrich, St. 

Louis, MO) in PBS (pH = 7.4) at 37 °C for 24 h to remove the proteoglycans, as previously 

described (Rojas et al., 2014). Second, samples were then incubated in 0.4 U/mL 

hyaluronidase (Sigma-Aldrich, St. Louise, MO) in PBS with 10 mM sodium acetate (pH = 

6.0) at 37 °C for 24 h to remove the proteoglycans and expose the collagen fibril 

architecture. Afterwards, samples were fixed with Karnovsky’s fixative (Electron 

Microscopy Sciences, Hatfield, PA), dehydrated in a series of graded de-ionized water-

ethanol and ethanol-hexamethyldisilazane (HMDS) mixtures (Bray et al., 1993), and dried in 

air to retain the 3D collagen architecture. SEM (Zeiss Supra 50VP) images were acquired on 

samples coated with ~6 nm thick platinum. From each image, the diameter of each collagen 

fibril was measured via ImageJ. For histology, additional mice were euthanized, and the 

entire inferior TMJ joint, including condyle and TMJ disc, were harvested, fixed in 4% 

paraformaldehyde, decalcified in 10% EDTA and embedded in paraffin. Sagittal sections 

were cut across the joint and stained with Safranin-O/Fast Green and Hema-toxylin&Eosin 

(H&E) to reveal the whole joint morphology (Fig. 1a).
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2.4. Statistical analysis

Non-parametric statistical tests were used to avoid the assumption of normal distribution. To 

evaluate the regional heterogeneity across all five regions on each side of the articular disc, 

two-way analysis of the variance (ANOVA) on the global rank transformation followed by 

Tukey-Kramer post hoc multiple comparison was performed on the mechanical moduli at all 

different regions and different animals. The anatomical region was taken as a fixed effect, 

and the animal number was taken as a randomized effect. To study the micromechanical 

heterogeneity within each individual disc, Kruskal-Wallis test followed by Tukey-Kramer 

multiple comparison was performed through all locations measured on five regions of each 

disc surface. To examine the significance of loading rate dependence, Friedman’s test was 

performed on all locations measured at 1 – 10 μm/s rates within each region of interest on 

the disc and condyle surfaces. For fibril diameter analysis, as ≥300 fibrils (from n = 3 

animals) were measured on each surface, according to the central limit theorem, the 

parametric one-way ANOVA followed by Tukey-Kramer multiple comparison was 

performed to compare the diameters across the three tissue surfaces.

3. Results

The mandibular condyle had the significantly higher modulus Eind (306 ± 84 kPa, mean 

± 95% CI) than the TMJ disc (superior surface, 81 ± 23 kPa; inferior surface 45 ± 12 kPa) (n 
≥7 via Mann-Whitney U test, Fig. 2a). Under AFM-nanoindentation, with a maximum 

indenting depth < 1.5 μm, the outcomes mainly reflect the top ~10 to 15 μm layer of tissue 

surface (~10 × indenting depth). For TMJ disc, since the thickness is ~30 μm in the thinnest 

central region, Eind here reflects the apparent loading behaviors of the bulk tissue. However, 

for the condyle cartilage, as the fibrocartilage layer is >100 μm thick, Eind represents only 

the properties of the top fibrocartilage layer, not the secondary hyaline cartilage layer (Fig. 

1a). On the surfaces of TMJ disc, Eind was found to vary significantly with anatomical 

regions, with highest modulus at the posterior end, lowest at the center, and similar moduli 

amongst other sites (Fig. 2b). This trend was consistent on both the superior and inferior 

sides. Within each individual animal, significant heterogeneity in Eind was also observed, 

and was similar to the overall trend shown in Fig. 2b (shown for one representative animal in 

Fig. 3a, Kruskal-Wallis test followed by Tukey-Kramer multiple comparison). Meanwhile, 

significant loading rate-dependence in Eind was observed on all three tissues. As shown for 

measurements of each surface on one animal, varying indentation depth rate for one order 

(1–10 μm/s) results in 33 ± 10%, 54 ± 10% and 76 ± 33% increase in Eind for the condyle, 

superior and inferior surfaces of the disc, respectively (Fig. 3b).

SEM images revealed detailed collagen fibril structure on the surfaces of mandibular 

condyle cartilage and articular disc. The condyle cartilage surface was dominated by 

randomly oriented collagen fibrils (Fig. 4), which is similar to the surface of articular 

hyaline cartilage of murine knee joints (Batista et al., 2014). In contrast, on the articular disc 

surface, two types of collagen fibrils can be observed. A majority of the fibrils were highly 

aligned and aggregated to form fibers (Fig. 5). These fibers are aligned along or near the 

anteroposterior orientation, similar to the observations on larger animal TMJ disc and 

condyle cartilage (Shengyi and Xu, 1991). On both superior and inferior surfaces, there also 
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exist randomly oriented, thinner fibrils. The estimated fibril diameters were 22.3 ± 0.3 nm 

(mean ± 95% CI from ≥300 fibrils measured on n = 3 animals) for the condyle cartilage 

surface, which were significantly thinner (p < 0.0001) than those on the disc surfaces (33.4 

± 0.4 for superior surface, 32.9 ± 0.5 for inferior surface, both of which are statistically 

similar) (Fig. 6a). In addition, variations of fibril diameters were also noted on the disc 

surfaces. On the superior side, the anterior end appeared to have the thickest fibrils (35.6 

± 1.1 nm), and the medial region had the thinnest (31.3 ± 0.8 nm); on the inferior side, the 

anterior end also had the thickest fibrils (34.0 ± 1.0 nm), and the central region had the 

thinnest (31.2 ± 0.9 nm) (Fig. 6b).

4. Discussion

4.1. Specialized biomechanical properties of murine TMJ tissues

This study elucidates the specialized micromechanical characteristics of murine TMJ disc 

and condyle cartilage. Notably, the condyle cartilage surface has ≈5–8 times higher modulus 

than that of the disc (Fig. 2a). This difference can be likely attributed to differences in 

collagen fibril structure and cross-linking on TMJ condyle surface than those on disc 

surfaces. When fibrous tissues are deformed by spherical indenters, the F-D curves represent 

an integrated response of both compressive and tensile resistance of collagen fibrils. The 

surface of condyle cartilage is dominated by random fibrils, while both sides of disc surfaces 

have more aligned fibers with larger diameters (Figs. 4, 5). While the higher degree of 

alignment and larger diameters on disc surfaces (Fig. 6) may indicate higher modulus, the 

SEM imaging on condyle surface is likely not to represent the bulk structure of the fibrous 

layer. It is possible that the interior of condyle cartilage has a higher degree of cross-link 

density, and possibly thicker fibrils underneath the surface layer, similar to other 

fibrocartilage tissues such as the meniscus (Li et al., 2017; Petersen and Tillmann, 1998). 

These characteristics can contribute to the observed higher modulus on the condyle 

cartilage.

This modulus contrast between the disc and condyle cartilage is distinct from the TMJs of 

larger animals. Under unconfined compression, the adult porcine TMJ exhibits region-

dependent equilibrium modulus of ~20 to 170 kPa for the disc (Allen and Athanasiou, 2006) 

and ~10 to 22 kPa for the condyle cartilage (Singh and Detamore, 2009b). Similarly, for 

adult hircine TMJ under unconfined compression, the axial modulus is ~20 kPa for the disc 

and ~10 kPa for the condyle cartilage at low strains (~10%) (Hagandora et al., 2011). Under 

tension, the adult porcine disc is stiffer than condyle cartilage along the anteroposterior 

orientation, where in the central region, the relaxed tensile modulus is 18.5 ± 4.9 MPa for 

the disc (mean ± std), and 8.8 ± 4.1 MPa for the condyle cartilage (Detamore and 

Athanasiou, 2003; Singh and Detamore, 2008). This trend is reversed along the mediolateral 

orientation, where in the intermediate region, the relaxed modulus is 0.58 ± 0.39 MPa for the 

disc, and 3.6 ± 2.0 MPa for the condyle cartilage (Detamore and Athanasiou, 2003; Singh 

and Detamore, 2008). While these uniaxial test results do not show that the TMJ discs of 

larger animals have substantially lower resistance to indentation than the condyle cartilage, 

under spherical microindentation (R ≈ 0.8 mm), porcine condyle cartilage is shown to have 

substantially higher aggregated modulus than the disc when tested at similar forces, with 36 
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± 9 kPa for the disc and 250 ± 60 kPa for the condyle cartilage (mean ± std) (Lu et al., 2009; 

Zimmerman et al., 2015). These quantitative results thus suggest that the >5 × higher 

modulus observed on murine condyle cartilage (Fig. 2) could possibly indicate a response 

specific to the multiaxial loading executed by the spherical indentation. Meanwhile, as 

highlighted by the thickness contrast between murine TMJ disc and condyle cartilage, which 

is absent in human TMJ (Bibb et al., 1993; Wright et al., 2016) (Fig. 7), it also possibly 

reflects a feature specific to the anatomy and loading of rodent TMJs, which is distinct from 

those of larger species including human.

In murine TMJ, the thickness of disc (≈30 μm in the central region) is much less than that of 

condyle cartilage (the fibro- and hyaline cartilage layers together >100 μm), while in larger 

animals, these two tissues have comparable thicknesses (Fig. 7, schematics are adapted from 

and inspired by (Suzuki and Iwata, 2016)). During the articulation of TMJ, through direct 

load transmission with the condyle, the disc provides a cushion effect to facilitate dissipating 

energy and to prevent direct condyle-temporal fossa contact that impacts brain (Chin et al., 

1996). In the TMJ of larger animal, this cushion effect can arise from the intrinsic energy 

dissipative, poroviscoelastic deformation of the mm-thick disc. However, in murine TMJ, 

despite the presence of salient rate dependent mechanics (Fig. 3a), this effect is likely less 

important due to the small volume, μm-scale thickness of the disc (e.g., Figs. 1a, 7)). The 

lower modulus enables greater deformation of the murine disc during joint movement, which 

effectively improves the disc-contact congruency, enlarges the loading area, and reduces the 

contact stress on condyle and temporal fossa. The more compliant disc thus provides an 

extra cushion effect to reduce the impact on skull during the jaw movement. In the mean 

time, other structural and biomechanical factors could also contribute to the differences 

between murine and human TMJs, such as the diet habit (soft versus hard food and size of 

food) (Liu et al., 1998), anatomy of the jaw (Fig. 7) (Suzuki and Iwata, 2016), range of jaw 

motion during speaking and eating (Byrd, 1988), as well as the resulting loading patterns to 

the TMJ (Sobue et al., 2011). A more comprehensive understanding of the contrast between 

murine versus human TMJ structure and biomechanics can provide a basis for the use of 

murine models in understanding human TMJ development and disease pathogenesis.

4.2. Micromechanical heterogeneity of TMJ disc

For the TMJ disc, the asymmetry of modulus on superior versus inferior surfaces (Figs. 2b, 

3a) is also likely to be associated with the unique morphology of murine TMJ. Since the disc 

is in direct contact with the condyle through its inferior side, a larger deformation on this 

side is beneficial for disc-condyle congruency, while the higher stiffness of the superior side 

can facilitate sustaining tensile stresses, and re-distributing tensile loads to the temporal 

bone (Tanaka et al., 2008a). On both surfaces, the thinnest central regions have the lowest 

modulus, which, at the same time, also undergoes the highest disc-condyle contact stress. 

The reduced modulus therefore can assist larger deformation at the center to enhance disc-

condyle congruency and reduce point contact stress. The posterior ends on both sides have 

higher moduli than other regions. This can be associated with the fact that the tensile and 

shear stress is primarily along the anteroposterior orientation (Beatty et al., 2001), and the 

posterior end possibly sustains higher stress than other regions. This regional heterogeneity 

is also different from the disc of larger animal discs, in which, while the posterior and 
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anterior ends are stiffer, the central region has similar moduli as the medial and lateral ends 

(Willard et al., 2012).

4.3. Collagen nanostructure-mechanics relationships

In accordance with the presence of anteroposterior fibril alignment on disc surfaces, 

indentation F-D curves show two different behaviors. One group yields the typical F-D3/2 

Hertzian dependence (type I in Fig. 8, 72 ± 6% on superior surface, 86 ± 4% on inferior 

surface, mean ± 95% CI), while the other group yields a non-Hertzian, close to linear F-D 
behavior (type II in Fig. 8, 28 ± 6% on superior surface, 14 ± 4% on inferior surface), 

signified by higher coefficient of determination R2 from the linear fit. For soft tissues, 

indentation by spherical tips normally produces nonlinear increase in force versus depth, for 

that the tip-contact area increases in a near hyperbolic manner with indentation depth (Lin et 

al., 2009). The elastic Hertz contact model, which predicts a F-D3/2 dependence for the 

contact between a rigid sphere and a planar continuum material (e.g., Eq. (1)), can 

sufficiently describe the indentation responses in the regime where material stress-strain 

response is linear (strain ε < 20%, and D < 0.4R (Lin et al., 2009)). Here, the non-Hertzian, 

close to linear F-D response is possible when the indentation is performed on the highly 

aligned, larger collagen fibers. In this case, loading vertical to the fiber axis mainly induces 

tensile stretch of fibers. This linear F-D response has also been shown in other fibrous 

tissues whose surface are dominated by highly aligned collagen fibrils, such as murine 

meniscus (Li et al., 2015) and chicken embryonic tendon (Marturano et al., 2013). In 

comparison, this linear response is absent on condyle cartilage surface, which consists of 

transversely random fibrils (Fig. 4). The disc surface collagen structure also likely 

contributes to the boundary lubrication of the disc, in which, the friction coefficient along 

the anteroposterior orientation, i.e., the collagen fiber axis, is lower than that along the 

mediolateral orientation (Ruggiero et al., 2015).

4.4. Limitation and future work

Restricted by the shape of the mandibular condyle, we were not able to assess all five 

regions of the condyle surface. The >100 μm thickness of the superficial fibrocartilage layer 

also prevented us to quantify the properties of the secondary hyaline cartilage layer. In 

addition, while this study clearly shows the presence of rate-dependence, we did not aim to 

elucidate the exact deformation mechanisms. Since the surfaces of both disc and condyle 

cartilage are fibrocartilage tissues with minute proteoglycans, this rate-dependent mechanics 

is likely a combination of intrinsic viscoelasticity due to intra- and inter-fibril interactions as 

well as fluid flow induced poroelasticity, which can be distinctive from the aggrecan-rich 

hyaline cartilage. Our ongoing studies aim to address these limitations, and to provide a 

comprehensive understanding of the murine TMJ biomechanics.

5. Conclusions

This study is the first to define the nanostructural and micromechanical properties of the 

articular disc and mandibular cartilage of the murine TMJ articular disc and mandibular 

condyle cartilage, as well as the condyle-disc contact mechanics and micromechanical 

heterogeneity of the disc. The observed non-Hertzian indentation response signifies the 
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fibrous nature of TMJ disc. Given the differences observed in the biomechanical properties 

of murine and human TMJs, these features underscore the unique biomechanics of murine 

TMJs. With the knowledge learned from healthy, wild-type murine TMJ, our results, in 

combination with more advanced AFM micromechanical techniques, will enable a more 

thorough evaluation of the function-relevant biomechanical properties of healthy TMJs and 

those undergoing pathological degenerative conditions in murine models.
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Fig. 1. 
(a) Hematoxylin & Eosin (left) and Safranin-O/Fast Green (right) histology of sagittal 

sections showed the morphology of murine TMJ, highlighting the tissues of interest in this 

study: articular disc and mandibular condyle cartilage. (b) Representative indentation force 

versus depth, F-D, curves measured on the central regions of articular disc and mandibular 

condyle surfaces at 10 μm/s rate. The symbols are experimental data (density reduced for 

clarity), and solid lines are associated Hertz model fits to each of the loading F-D curve.
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Fig. 2. 
Effective indentation modulus, Eind, of 3-month old murine TMJ articular disc and condyle 

cartilage surfaces (n = 7 for each side of disc, and n = 10 for condyle cartilage, measured at 

10 μm/s rate). (a) Comparison across three tissue sites. For condyle cartilage, each data point 

represents averaged values of ≥10 locations measured on the central region of one animal. 

For articular disc, each data point represents averaged value of ≥40 locations measured on 

all five regions of each animal. (b) Comparison across five different anatomical regions on 

the articular disc surface (A: anterior, P: posterior, C: central, M: medial, L: lateral), each 

data point represents averaged value of ≥8 locations measured on each region of one animal. 

Regions with different letters are statistically different (p < 0.05, mean ± 95% CI).
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Fig. 3. 
Heterogeneity and rate-dependence of Eind within individual animal. (a) Variation of Eind on 

the superior and inferior surfaces of TMJ articular disc from one mouse measured at 10 μm/s 

rate. (b) Rate-dependence of Eind measured on the central regions of TMJ condyle cartilage 

and articular disc from one mouse. Each data point represents one indentation location (≥8 

locations measured on each region of one animal, p < 0.05, mean ± 95% CI).
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Fig. 4. 
SEM images of the central region of the mandibular condyle cartilage surface. The other 

four regions have similar fibrillar structure, and thus, are not shown.
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Fig. 5. 
SEM images of five different anatomical regions on (a) superior and (b) inferior sides of the 

articular disc surface.
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Fig. 6. 
Distribution of collagen fibril diameters measured on the surfaces of TMJ articular disc and 

mandibular condyle cartilage. (a) Comparison across the three tissue sites (for each disc 

surface, measurements were pooled from all five different regions), (b) Comparison across 

five different anatomical regions on the articular disc surface (A: anterior, P: posterior, C: 

central, M: medial, L: lateral) (≥300 fibrils from n = 3 animals for each region, regions with 

different letters are statistically different, p < 0.05, mean ± 95% CI).
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Fig. 7. 
Schematics of the anatomical structure of murine versus human TMJs. (a) Anatomical 

structure of the TMJ: 1. articular eminence of temporal bone, 2. glenoid fossa of temporal 

bone, 3. anterior band of the articular disc, 4. posterior band of the articular disc, 5. 

mandibular condyle, 6. upper head of lateral pterygoid muscle, 7. upper head of the lateral 

pterygoid muscle connected to the mandible and 8. lower head of the lateral pterygoid 

muscle connected to the mandible condyle (adapted from (Suzuki and Iwata (2016)) with 

permission). (b) More detailed schematics of TMJ disc and condyle cartilage structure. In 

the murine TMJ, the articular disc has substantially smaller thickness compared to the 

condyle cartilage. This contrast is absent in larger animal TMJs (abbreviations, tf: temporal 

fossa, ant: anterior end, cent: central region, post: posterior end, fc: fibrocartilage, hc: 

hyaline cartilage). The tissue thickness values are: human: TMJ disc ~0.5–3 mm, condyle 

fibrocartilage layer: 400–600 μm, hyaline cartilage layer ~300–600 μm, as estimated in Bibb 

et al. (1993), Wright et al. (2016); murine TMJ disc ~30–60 μm, condyle fibrocartilage layer 

~25–40 μm, hyaline cartilage layer ~90–120 μm.
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Fig. 8. 
Non-Hertzian indentation responses of the TMJ articular disc surface. (a) Two types of 

representative indentation force versus depth F-D curves from the posterior region of the 

TMJ disc superior surface. Type I: Hertzian indentation curve where F–D3/2, where R2 

(Hertz) > R2 (linear). Type II: linear indentation curve where F–D, where R2 (Hertz) < R2 

(linear). (b, c) Histograms of the distribution of Eind from two indentation curve types on (b) 

the superior and (c) the inferior surfaces of the TMJ disc (≥300 locations from n = 7 animals 

for each side of the disc measured at 10 μm/s rate. No significant difference in Eind was 

found between type I and II curves on each surface).
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