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Technique for estimating fracture resistance of
cultured neocartilage
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Tensile tests on an arti®cial tissue of cultured neocartilage are described with a view to
obtaining objective criteria for the onset of fracture and to estimating the tissue fracture
resistance. The energy dissipation and compliance of the hyperelastic, hysteretic load-
displacement responses exhibit great sensitivity to crack propagation during loading. A
simple scheme is presented for deconvoluting the energy dissipated by cracking from an
overall hysteresis loop and thus estimating the fracture resistance. The results suggest that
the apparent fracture resistance of cultured neocartilage is determined by events localized to
the crack and may exhibit a transient increase on initial crack extension.
# 2001 Kluwer Academic Publishers

1. Introduction
Articular cartilage is the resilient material covering the

ends of long bones, forming the articulating surfaces in

diarthrodial joints (e.g. knees, elbows, knuckles). In

performing its damping and load-distributing function,

cartilage is strong in compression, even though it

contains only about 30% solids ± predominantly type II

collagen ®brils and aggrecan proteoglycan aggregates ±

and 70% water [1]. Both the composition and micro-

structure of the collagen-proteoglycan matrix of cartilage

contribute to its nonlinear viscoelastic mechanical

behavior [2]. Although the proteoglycans are very

important in the compressive response of cartilage, the

collagen network is presumed to be almost entirely

responsible for the ``linear-region'' tensile stiffness. The

tensile modulus in the linear region of the stress±strain

response and the tensile strength are both greatest in the

super®cial layer of cartilage and decrease with depth [3].

Tensile strength and stiffness both decrease with age in

load-bearing tissues [4], and stiffness has also been

shown to decrease rapidly during osteoarthritis-like

degeneration [5].

The failure of articular cartilage to perform its function

± either by change in properties or by removal ± results in

the disease osteoarthritis, a disabling condition for which

there is no available treatment or cure. Fatigue is believed

to contribute to the development of primary (old-age)

arthritis [6] by gradually fracturing and ®brillating the

collagen±proteoglycan matrix. In addition, although

arthritis is usually considered a disease of the aged,

younger people can be affected when a joint is injured

[7, 8]; impact loading can result in cartilage crack

formation in addition to bony fracture. Although

considerable work has been directed at understanding

the viscoelastic behavior of cartilage under physiologic

loading conditions, there has been only limited recent

recognition of the clinical importance of cartilage

fracture mechanics [9].

Our laboratory has developed a method for culturing

chondrocytes (cartilage cells) in vitro to form an arti®cial

tissue layer suitable for mechanical testing [10]. The

``neocartilage'' is similar in composition to natural

cartilage, but lacks a highly organized microstructure:

while natural cartilage has distinct layers (zones) and a

complicated collagen ®bril arrangement, the neocartilage

is uniform with a random ®bril distribution. Although

neocartilage and articular cartilage are not microstructu-

rally identical, the neocartilage culture system allows

direct study of the effect of biochemical composition on

mechanical properties. Both cyclic tensile tests and a

modi®ed single-edge-notch fracture test have been

performed on the cultured tissue [10], although a

thorough characterization of its mechanical behavior

has not been performed.

In this investigation, the energetics of fracture in

cultured neocartilage was speci®cally considered. A

primary goal was to develop objective criteria for the

determination of when, and if, fracture occurs in the

material. (Ideally these criteria would not depend on

direct inspection of a specimen.) A secondary goal was

the estimation of the energy dissipated during fracture

and veri®cation that the fracture energy was separate

from the energy losses associated with irreversible

viscoelastic or plastic processes. The fracture-energy

values along with measured incremental crack length

changes allowed fracture resistance to be calculated.

2. Experimental method
Cultured neocartilage was prepared as described pre-

viously [10]. Brie¯y, articular cartilage was harvested

from sti¯e and shoulder joints of young New Zealand

White rabbits, following a protocol approved by the

Instutional Animal Care and Use Committee (IACUC) at

the University of Minnesota. Chondrocytes were isolated

by sequential digestion in trypsin and collagenase. The
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cells were plated at 2 million cells per 25 cm2 growth

area in ¯asks coated with denatured type I collagen and

cultured for 8 weeks in F12 media with 15% FBS, 0.2%

gentamycin, and 30 mg/ml ascorbate.

Tissue from 2 different ¯asks, 4 samples per ¯ask, was

mechanically tested in this investigation. Samples were

harvested fresh from culture and tested the day of

harvest. Strips approximately 5±6 mm wide by 20±

25 mm long were prepared from the 67 mm thick tissue

layer. Testing was performed in a mechanical testing

machine with specimens submersed in a room-tempera-

ture saline bath. The gage length of the gripped samples

was approximately 12 mm.

Cyclic tension tests were performed in displacement-

control for both unnotched and notched samples.

Specimens were cycled 4 times to a peak displacement

level and returned to zero displacement at 0.1 mm sÿ 1.

Peak displacement levels were 0.8 and 1.1 mm for the

tension tests, and 0.8, 1.1, 1.4, 1.7, 2.1, and 2.4 mm for

the notched fracture tests, corresponding to approxi-

mately 6% and 20% minimum and maximum strain

levels, respectively. A fracture test ended when the

specimen exhibited complete failure. Each specimen was

tested sequentially in tension and fracture, without

removing the specimen from the grips. Samples were

allowed to ``rest'' for a period of several minutes

following the tensile test prior to the fracture test. During

this time a notch about 1/3 the width of the sample was

cut in the specimen with a sharp scalpel. Load and grip-

to-grip displacement data were collected for each test at a

sampling rate of 10 Hz.

A high resolution video camera was used to videotape

each experiment. Measurements of the initial notch

length and the crack propagation in each cycle were

made from the video tape at 60 mm resolution. All crack

length measurements were made in duplicate.

3. Results and analysis
3.1. Load-displacement measurements
The mechanical behavior of cultured neocartilage was

grossly hyperelastic and hysteretic. Fig. 1 shows a typical

load-displacement P±u response for an unnotched,

notched, and cracking specimen subjected to cyclic

tensile displacements. On initial loading, the unnotched

specimen exhibited a greater than linear dependence of

load on displacement, approximately described by a

quadratic, P! u2. On unloading, there was distinct

hysteresis. Increasing the peak displacement increased

the peak load with no other change in behavior.

Introduction of a notch into the sample caused an

increase in specimen compliance with continued load-

displacement hysteresis, and increasing the imposed

peak displacement level increased the peak load

similarly to that observed for the unnotched specimen.

No further changes in material behavior were apparent

until a crack began to propagate at the notch root, at

which point the load dropped off sharply during

increasing displacement and the hysteresis loop opened

substantially. This behavior continued until total

specimen failure. An example of this sequence is

shown in Fig. 2; videotaped frames from the experiment

are shown for the unnotched, notched and cracked

specimen at complete unload.

3.2. Dissipated energy
Each load-displacement response for both the tensile and

fracture tests was broken down cycle by cycle into a

series of loops, consisting of one loading and subsequent

unloading cycle (Fig. 3). There were thus 4 cycles for

each displacement level in each test; a total of 8 cycles

for each tensile test and 4 8 for each fracture test.

Cycles were numbered sequentially from n� 1 to 4 16.

The total energy in each cycle, UT�n�, was de®ned as the

area between the loading curve and the displacement

axis. The dissipated energy in each cycle, UD�n�, was

calculated as the area between the loading and unloading

curves (Fig. 3a). Calculations of area (energy) were made

using trapezoidal integration. For each cycle the ratio of

dissipated to total energy D�n� was calculated by

D�n� � UD�n�=UT�n� �1�

and recorded as a function of cycle number �n�.
Figs 4(a) and 5(a) show the cyclic P±u responses for

notched and fracturing specimens. The open symbols in

Figs 4(b) and 5(b) show the dissipated energy ratio D�n�
calculated from the load-displacement cycles of Figs 4(a)

and 5(a) using Equation (1). For the specimen in Fig. 4(a)

no cracking was observed for n� 1±12 and D�n�
exhibited a slightly decreasing trend with n about

D�n�* 0.25±0.2. On cycles 13 and 14 crack propagation

was observed at the notch root and was (subsequently)

associated with a signi®cant increase in D�n� to * 0.4.

On cycle 15, no crack propagation was observed, and

D�n� decreased to * 0.2; on cycle 16, the crack

propagated again with an associated large increase in

D�n� and ®nally on cycle 17, the crack completely

fractured the specimen leading to maximum dissipation

of D� 1. Similar behavior was observed for the

specimen in Fig. 5(a); no observed crack propagation

Figure 1 Plot of load, P, versus displacement, u, for a cultured

neocartilage specimen tested in tension. Inset schematics indicate the

specimen sequentially unnotched, notched, and actively cracking

during the test, giving rise to different load-displacement responses.
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for n� 12 followed by crack propagation and increased

D�n� on subsequent cycles. In this case, there were two

``arrest'' events characterized by small or negligible

crack extension during the cycle and associated

decreases in D�n� towards the uncracked level at

n� 16 and 20, before complete failure at n� 21.

Also shown in Figs 4(b) and 5(b) as the solid symbols

are the dissipated energy ratios calculated from the P±u
responses of the (unnotched) tensile specimens. The

insensitivity of D�n� to the presence of the notch is

shown by the coincidence of the solid and open symbols.

Further, an empirical power-law of the form D�n� � Anb

describes the tensile data, and when extrapolated to

n4 8 also describes the notched data on those cycles in
which no crack extension was observed. Results similar

to Figs 4(b) and 5(b) were obtained for the other six

specimens.

3.3. Specimen compliance
Compliance values �l� du/dP� were calculated by

approximating a linear tangent to the top 15% of

displacement on each loading and unloading curve

(Fig. 3b). (If the unloading portion of the P±u curve on

a cycle was initially vertical, those points were not

included in the unloading compliance calculation, as a

crack was continuing to propagate during initial

unloading.)

Due to the quadratic nature of the load-displacement

behavior of the tissue, it was discovered that the product

of the compliance6 displacement, lu, remained con-

stant in the absence of cracking:

P � Bu2

l � du=dP � 1=2Bu

lu � 1=2B � constant

where B is an empirical material-dependent coef®cient

and u is taken here as the peak displacement for that

cycle. As the peak displacement level was changing

every 4 cycles, this ®nding assisted in viewing of the

compliance data and the detection of cracking.

Figs 4(c) and 5(c) show the measured loading and

unloading compliance-displacement product lu as a

function of cycle number n. As with the dissipated

energy ratio D�n�, the compliance-displacement product

lu for both loading and unloading showed little variation

with n until crack extension occurred during the cycle

�n � 13� at which point the lu products exhibited

signi®cant increases. Further changes in D and lu
approximately paralleled each other for the remaining

cycles ± especially in Fig. 5. Similar variations in

compliance associated only with observed crack exten-

sion were found for the other 6 specimens.

The ®nding that the increases in dissipated energy

ratio and compliance were only observed on displace-

ment cycles in which crack extension was also observed

suggests two clear objective criteria for detection of

fracture in neocartilage: (1) an increase in D�n� above the

level extrapolated for notched or unnotched specimens or

(2) an associated increase in lload�n� or lunload�n� above

the level extrapolated for notched specimens.

3.4. Fracture resistance analysis
The observation that the fractional dissipated energy

D�n� followed a predictable trend, and was the same for

Figure 2 Optical images captured as single frames videotaped from a neocartilage sample during tensile and fracture tests. From left to right, the

sample is shown in the unnotched state prior to tensile testing, the notched state prior to fracture testing, and in the cracked state during fracture testing

(all zero load).

Figure 3 (a) Schematic diagram illustrating the total UT�n� and

dissipated UD�n� energy for a single load±unload cycle; (b) Schematic

diagram illustrating the method used to estimate loading and unloading

compliance, �l� du/dP� 1/stiffness�.
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the same cycle number n in the (unnotched) tensile and

(notched) fracture tests, has a deep implication. Although

notching the specimen increased the stress in the

remaining section ± particularly near the notch root ±

the resulting invariance of D�n� suggests that no

additional mechanisms of viscoelastic deformation and

loss were introduced, and that (at least over the range of

stresses and strain rates used here) D�n� is a material

property. Viscoelastic and fracture contributions to D�n�
can therefore be treated as additive (in much the same

way that delocalized dislocation shielding in semicon-

ductors [11], transformation toughening in zirconia [12],

and ligamentary wake bridging in ceramics [13] and

composites [14] is separated from localized crack-tip

bond rupture). This additivity provides a method for

estimating the fracture resistance of neocartilage.

A base fractional dissipation can be de®ned as D0�n�,
in which the 0 subscript indicates the absence of a

moving crack, independent of the presence or absence of

notching in the specimen. Thus D0�n� � D�n� in the

absence of cracking, and D0�n�5D�n� when a crack is

actively propagating and actively dissipating energy. The

amount of energy dissipated due to fracture UF can be

calculated from the total measured dissipated energy UD

Figure 5 Plots showing behavior of cultured neocartilage during a notched fracture test: (a) load-displacement behavior, (b) dissipated energy as a

function of cycle number, and (c) loading and unloading compliance as a function of cycle number. For this specimen initial crack extension was

observed on cycle 13 and crack arrest events on cycles 16 and 20.

Figure 4 Plots showing behavior of cultured neocartilage during a notched fracture test: (a) load-displacement behavior, (b) dissipated energy as a

function of cycle number, and (c) loading and unloading compliance as a function of cycle number. For this specimen initial crack extension was

observed on cycle 13 and a crack arrest on cycle 15.
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by subtracting off the ``predictable'' energy dissipation

due to viscoelasticity:

UF�n� � UD�n� ÿ UT�n�D0�n� �2�
By de®nition, UD�n� � UT�n�D�n� (Equation (1)) and

therefore

UF�n� � UT�n��D�n� ÿ DO�n�� �3�
The fracture energy per cycle UF�n� can then be used in

calculations of the fracture resistance R�n�, where

R�n� � UF�n�=�tDc�n�� �4�
and Dc�n� is the incremental increase in crack length

during cycle n. The total crack length after each cycle is

then c�n� �PDc�n�.
Using Equations (3) and (4), the R-curves, R�n� versus

c�n�, were constructed for the samples in Figs 4 and 5

and are shown as the solid symbols in Fig. 6. The initial

crack extensions for these specimens were 0.5 and 1 mm,

respectively. Also shown in as open symbols is the

fracture resistance variation of an additional specimen

that exhibited smaller initial crack extensions.

Interestingly, in this case, the fracture resistance

exhibited an increase at short cumulative crack length

and a tendency to a plateau at longer crack lengths.

4. Discussion
The dissipated energy in a single loading cycle was near

20±25% of total energy for the cultured neocartilage.

This compares reasonably values for other soft biological

tissues, such as 7% for plantaris tendon and 30% for

human heel pad [1]. The dissipated energy ratio D0�n�
may be directly related to the tissue constituents and

microstructure; tendon is mostly collagenous with little

proteoglycan, while heel pad is primarily lipid with very

little collagen. However, the dissipated energy ratio

appears not scale with differences in tissue stiffness, as

the reported tensile modulus for tendon (1500 MPa) is

several orders of magnitude greater than that for heel pad

(5 MPa) [1] and neocartilage (1.3 MPa) [10].

On fracture, the dissipated energy in the neocartilage

approximately (only) doubles to 40±60%. Admittedly,

this increase is geometry dependent, but points to the

need for understanding of viscoelastic processes before

(a) interpretation of fracture mechanics tests or (b)

development of fracture models. In addition, further

investigation of the relationship between dissipated

energy and tissue composition is also called for in

future studies in order to understand the prefailure

behavior of the matrix.

Nevertheless, an implication of Fig. 6 is that the

fracture resistance, or toughness, of neocartilage is

determined by a cumulative process that exhibits a

transient increase at short crack lengths and a steady-

state plateau for long cracks, in much the same way as

many non-biological systems [11±14]. Given the ®brillar

composite microstructure of cartilage and the relative

insensitivity of D�n� to notching, it is tempting in this

case to associate the R-curve behavior with the formation

of a bridging crack-wake zone (controlled by crack-

opening displacement) [13, 14] rather than with the

formation of a shielding crack frontal zone (controlled by

crack-tip stress ®eld) [11, 12]. An interpretation of the

data for the samples from Figs 4 and 5 is that the initial

large crack extension precluded observation of the

transient fracture resistance and that the data re¯ect a

plateau state. A previous investigator calculated tear

toughness in cartilage to be 0.14±1.2 kJ mÿ 2 [9]. This

range of values agrees surprisingly well with the data in

this experiment ( plateau values of 0.2±0.45 kJ mÿ 2),

considering the compositional and microstructural

differences between native and cultured cartilage.

Clearly, the techniques described here for both

identi®cation of crack extension and estimation of

fracture resistance offer great promise for biological

materials in general. In particular, the techniques are well

suited for comparisons of cartilage (and neocartilage) in

natural, altered, and diseased states and should provide

insight into the effects of microstructure on resistance to

both deformation and fracture. Additionally, the lack of

assumption regarding the nature of the strains (linear

versus nonlinear, small versus large) during fracture

suggests the techniques could be well applied to other

membranous biological tissues that exhibit extremely

large strains to failure.
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