Rate- and Depth-dependent Fracture Failure of Cartilage Using Microindentation Testing
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INTRODUCTION: Articular cartilage has remarkable rate-dependent mechanical properties "= [ e gm.,ff‘,,/ % \/on0 e
to support high loads and dissipate energy [1-3]; such characteristics originate from the Y Tamm 3150 X
combined effect of the solid matrix (collagen fibrils and proteoglycans) and interstitial fluid. :a?trﬁia';;i N\ = « g
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interstitial fluid is pressurized [1,3,4]. Proteoglycans mainly support compressive loads with Deep zone (] 0 800
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mechanisms in cartilage [1,2,6,7]. While numerous studies have tested cartilage mechanics
prior to failure as a function of rate and depth, few studies have evaluated cartilage fracture.
Matrix cohesion is strongly governed by collagen fibrils [8], suggesting that fibrils play an
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curves showing sudden drops in load that correspond to crack initiation.
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METHODS: Eight full-thickness cartilage samples were harvested from four porcine ’ é 400 5{ 3% ;
patellae (5-6 months old) using a 6 mm diameter coring tool and scalpel. Subchondral bone S 8 fj
was removed using a microtome. Each sample was cut into paired hemi-cylindrical samples, 4 i v S0y 83 g3 gt
which were tested at the articular surface and deep zone (Fig. 1). Samples were attached to . ) o
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Time-dependent cartilage fracture behavior was determined via microindentation tests at © )
different loading rates (Fig. 1). Tests were conducted on a Hysitron TI 950 Tribolndenter ¢ N . 200
with a 20 um radius diamond spherical-conical tip. Loading rates of 1, 300, and 600 pm/s ,? 800 * * _ °  —
were applied to samples until a sudden drop in load indicated crack nucleation (Fig. 1b). g 600 %{ El °
Critical load, critical displacement, and total work at crack nucleation were determined from & ° B 100 §
load-displacement curves. After fracture tests, samples were stained with India ink and §*° é} ; °
cracks were visualized using an optical microscope (Olympus IX71, Olympus) (Fig. 2a). = 200 é; 8 Y e —
Differences between groups were assessed with two-tailed, paired t-tests (significant at § — * gt .é_i é;
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RESULTS: Critical load, critical displacement, and total work generally decreased with Fig. 2. (a) Representative optical images of cracks at 300 pm/s, (b) critical

increasing rate (Fig. 2b-d). Critical loads for 1 um/s were 1.53 times higher for deep zone |oad, (c) critical displacement, and (d) total work. *=significant, ¥ =trend.
than those for 600 pm/s (p = 5.29x107). Critical displacements for 1 pm/s were 2.74 times Articular surface and deep zone were significantly different for all outputs
higher for articular surface (p =4.51x107) and 3.21 times higher for deep zone (p =3.06x 10" at all rates and are not shown on the plots.

%) than those for 600 um/s. Total work for 1 pm/s was 3.49 times higher for articular surface (p = 2.50x10) and 5.60 times higher for deep zone (p = 6.30X 10"
%) than that for 600 pm/s. The parameter that was least affected by rate was the critical load, while total work was the most affected by rate.

Higher critical load, critical displacement, and total work were required to initiate a crack at the deep zone than at the articular surface (Fig. 2b-d). At 1
pum/s, critical load, critical displacement, and total work from deep zone were 2.74, 1.59, and 4.01 times higher than those from articular surface, respectively
(p <3%107%). At 600 pum/s, critical load, critical displacement, and total work from deep zone were 2.13, 1.35, and 2.50 times higher than those from articular
surface, respectively (p < 7x10*). Differences between articular surface and deep zone were smaller at the high loading rate than at the low loading rate.

DISCUSSION: This study demonstrates that cartilage exhibits rate- and depth-dependent fracture behavior. Rate dependence can be interpreted based on
cartilage poroelasticity and intrinsic viscoelasticity. Poroelastic energy dissipation is governed by the relaxation time constant, Tpz. At 5 pm indentation, Tpp =
1.92 seconds using linear poroelasticity and published material constants (tp; = a%(Hk), a: contact radius, H: aggregate modulus, and k: permeability
[1,10,11]). While tpg increases with increased normal displacement, accurate estimates of the changes in material constants and the limits of linear
poroelasticity preclude estimating Tpy for larger displacements. Previous studies suggest that there are multiple relaxation time constants for cartilage intrinsic
viscoelasticity: short T, yr = 5 milliseconds, intermediate T,z ~ 10 seconds, and long T3 yr = 100-500 seconds [12-14].

At 600 pm/s, it is likely that most of the total work was used to create a fracture surface, with only a small amount of energy dissipated by intrinsic
viscoelasticity. Crack nucleation occurred at 0.24+0.03 seconds for articular surface and 0.32+0.04 seconds for deep zone, times that are considerably shorter
than Tpg, but longer than T, . Therefore, interstitial fluid did not have enough time to diffuse, resulting in negligible poroelastic energy dissipation, and only
a portion of the intrinsic viscoelastic energy dissipation [1,2,6,7]. Thus, loading was likely carried by tension of collagen fibrils induced by pressurized
interstitial fluid [1,3,4], and eventually a crack was initiated by breaking covalent bonds between tropocollagen molecules [15,16].

Conversely, at 1 pm/s, the total work likely included energy dissipation from a combination of poroelasticity and viscoelasticity, in addition to the work
used to create a crack. Crack nucleation occurred at 390.45+75.54 seconds for articular surface and 618.99+104.95 seconds for deep zone after loading, times
that were relatively long compared to all time constants. Thus, both poroelastic and viscoelastic energy dissipation are expected to contribute to the total work
[1,2,6,7]. Repulsive forces between proteoglycans may have supported the load [2,5] until a crack was eventually created in tensed collagen fibers by breaking
covalent bonds between tropocollagen molecules [15,16].

Depth-dependent fracture behavior can be interpreted based on known spatial variation in structure (i.e., direction, density, and diameter of fibrils [17]) and
composition (i.e., proteoglycans distribution and water content [17]). Such variations alter poroelastic and intrinsic viscoelastic characteristics, resulting in
different total work required for crack nucleation.

SIGNIFICANCE: Understanding rate-dependent crack nucleation in cartilage provides insight into failure processes that can ultimately lead to osteoarthritis.
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