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Due to anatomical and biomechanical similarities to human shoulder, kangaroo was chosen as a

model to study shoulder cartilage. Comprehensive enzymatic degradation and indentation tests were

applied on kangaroo shoulder cartilage to study mechanisms underlying its strain-rate-dependent

mechanical behavior. We report that superficial collagen plays a more significant role than

proteoglycans in facilitating strain-rate-dependent behavior of the kangaroo shoulder cartilage. By

comparing the mechanical properties of degraded and normal cartilages, it was noted that

proteoglycan and collagen degradation significantly compromised strain-rate-dependent mechanical

behavior of the cartilage. Superficial collagen contributed equally to the tissue behavior at all strain-

rates. This is different to the studies reported on knee cartilage and confirms the importance of super-

ficial collagen on shoulder cartilage mechanical behavior. A porohyperelastic numerical model also

indicated that collagen disruption would lead to faster damage of the shoulder cartilage than when

proteoglycans are depleted. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4929498]

Articular cartilages, predominantly a “mechanical” bio-

tissue, have the ability to endure a lifetime of varying physi-

ological strain-rates without any significant damage. The

superior mechanical properties and behavior of cartilages are

known to be due to the structural make up, organization and

properties of the constituents which are water swallowing

proteoglycans and the collagen network.1,2 The early stage

of osteoarthritis is characterized by degradation of superficial

collagen and proteoglycans which subsequently lead to

severe proteoglycan loss and collagen disruption.3–7

Therefore, investigations into the role of proteoglycans and

the collagen network on the strain-rate-dependent response

are important for understanding tissue behavior in osteoar-

thritis sufferers, the development of strategies for early stage

diagnosis of the disease, and development of engineered car-

tilage tissues.

The dynamic properties of cartilages (extracted at high

strain-rates) are considered to be governed by the structure

of the collagen network.8,9 Based on a finite element (FE)

model that considered the cartilage structure and composi-

tion, Julkunen et al.10 showed that superficial collagen can

considerably affect tissue behavior at high strain-rates, i.e.,

10�1/s or larger. In contrast, the equilibrium properties of

cartilages (extracted at zero strain-rate) are known to be

mainly affected by the proteoglycans.8,11 It is also well

accepted that the compressive properties of cartilages are

directly affected by the proteoglycans. However, conclusions

of most studies do not consider that the proteoglycan compo-

sition and the structural features of the collagen network

adapt to external mechanical stimuli, and hence, depend on

the local mechanical environment of the tissue.12–18

Chondrocytes dynamically synthesize the extracellular

matrix (i.e., proteoglycans and collagen) based on the external

loading stimuli they receive.19–21 For example, the proteogly-

can content of knee cartilages, which bear high compressive

loads, is higher than upper limb cartilage tissues which experi-

ence less compressive loading.15,22,23 Differences in the colla-

gen architecture of knee and upper limb cartilages have also

been reported.12 The conclusions of reported studies,8–11 pre-

dominantly for knee cartilages, should therefore be evaluated

in the context of the tissue studied. As shoulder cartilages ex-

perience considerably less compressive loading, we hypothe-

size that the collagen network (including the superficial layer)

may play a more significant role in facilitating strain-rate-de-

pendent behavior of the shoulder cartilage than proteoglycans.

Indentation tests on cartilage have been widely used to

obtain mechanical properties of tissues due to the simplicity

and potential for use in clinical diagnosis of tissue related

diseases.24–26 In addition, artificial degradation through

enzyme treatment is commonly used to model proteoglycan

loss and superficial collagen damage.8,27 The main advant-

age of the artificial degradation is that the level of damage to

the tissue can be controlled through enzyme concentration,

the type of enzyme used and duration of the exposure.27,28

Hence, artificial degradation can also be used to understand

the role of individual constituents on mechanical behavior of

the tissue.

The present study uses mechanical indentation testing

along with controlled enzymatic degradation to investigate

the role of superficial collagen and proteoglycans on strain-

rate-dependent behavior of the shoulder cartilage.

Degradation of the proteoglycans and collagen will result in

an increase of pore size and weakening of the tissue’s struc-

tural integrity, respectively. These effects are expected to

significantly compromise the tissues’ ability to respond to
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different strain-rates. Comparing the effects of proteoglycan

and superficial collagen degradation will contribute to under-

standing the physical mechanisms and constituents responsi-

ble for the strain-rate-dependent mechanical behavior of

shoulder cartilage.

The kangaroo has been recently proposed as a suitable

animal model to explore the mechanical behavior of the

human upper limb cartilages.12,15 Therefore, visually normal

(ICRS29 macroscopic score¼ 0) cartilage samples of 8 mm di-

ameter with 2–3 mm of subchondral bone intact were care-

fully harvested from the central load bearing area (Fig. 1(a))

of the humeral head of adult red kangaroos (�5yr old) using a

custom-made stainless steel puncher, within 24-h of slaughter.

The ethical clearance for using kangaroo cartilage tissue was

obtained from Research Ethics Unit of Queensland University

of Technology (Approval No: 1200000376). In the experi-

mental design stage, it was noticed that testing on a sample

would take 1–3 days to complete. Therefore, the experimental

procedure had to be designed in order to reduce the possible

effects of tissue preservation. One method of sample preserva-

tion was to freeze samples in phosphate-buffered saline (PBS)

inhibitor solution supplemented with antibiotics (200 mM

L-glutamine, 10 000 units of Penicillin and 10 mg/ml of strep-

tomycin; Sigma-Aldrich, Castle Hill, New South Wales) and

to thaw samples in the PBS for approximately 30 min before

mechanical testing. A second method was to preserve samples

in a PBS-inhibitor solution at 4 �C until experimentations are

completed. After assessing the two methods and considering

that multiple freeze-thaw cycles may affect the tissue struc-

ture,30,31 the second method was chosen to preserve the tissues

(see Sec. 1 of the supplementary material32). Individual carti-

lage thickness was calculated using the average ultrasound

speed in the kangaroo shoulder cartilage, measured to be

1658.3 ms�1 (see Sec. 2 of the supplementary material32).

During mechanical testing, the subchondral bone of har-

vested samples was constrained using a stainless steel holder

and was indented up to 25% engineering strain (Fig. 1(b)). A

safe limit of 3.5 MPa for strain-rates between 3 � 10�5/s and

7 � 10�1/s has been suggested to prevent damage to the carti-

lage matrix.33,34 Therefore, in the present study a limit of

3.0 MPa was imposed on the maximum stress that samples

were subjected to in order to reduce potential tissue damage.

The strain-rates of the present study were chosen to be 10�4/s,

5 � 10�4/s, 5 � 10�3/s, and 10�2/s considering the reported

physiological strain-rates experienced by cartilages.33–35 The

testing was done using a high resolution Instron testing

machine (Model 5944, Instron, Canton, Massachusetts, USA)

using a plane-ended, polished indenter of 3 mm diameter with

rounded edge of 0.1 mm radius. An indenter with rounded

edge was chosen to reduce possible local damage to the carti-

lage due to stress concentration at the indenter edges. After

each test, the cartilage was allowed to recover for 1 h in the

PBS-inhibitor solution prior to the next test.

In this study, we tested two sample groups. In the first

group (n¼ 12), proteoglycans were progressively degraded

for 1 h, 2 h, and 4 h and in the second group (n¼ 10) collagen

was degraded for 44 h. Proteoglycans were degraded using

0.05 mg/ml Trypsin-PBS solution and collagen was degraded

using a 30 U/ml collagenase solution (see Secs. 3 and 4 of

the supplementary material32). The protocols used for the

constituent degradation is in accordance with the previous

studies.27,28,36 The 4 h Trypsin-PBS treatment and 44 h colla-

genase treatments are known to remove all the proteoglycans

and significantly disrupt superficial collagen, respectively.

The alcian-blue test (see Sec. 5 of the supplementary mate-

rial32) indicated that collagenase treatment removed only a

small amount of proteoglycans from the tissue matrix, simi-

lar to the previously reported findings.28,37 After each enzy-

matic treatment, samples were subjected to indentation

testing at the above mentioned four strain-rates.

In order to investigate the strain-rate-dependent mechani-

cal properties of kangaroo shoulder cartilage, Young’s modu-

lus was extracted from force-indentation curves. The behavior

of the kangaroo shoulder cartilage can be represented by

2-term reduced polynomial hyperelastic function.38 In the

present study, the relationship between force (F) and indenta-

tion depth (d) given by Lin et al.39 for the 2-term reduced

polynomial hyperelastic model was modified to account for

indenter geometry and finite sample thickness. Other method-

ologies, such as by Zhang et al.,40 can also be applied to

obtain force-indentation relationship for hyperelastic materi-

als. The modified relationship is given by the following equa-

tion (see Sec. 6 of the supplementary material32):

F ¼ 2pk1C10

d3r � 3d2r2 þ 3dr3

d2 � 2dr þ r2

 !

þ 2pk2C20

d3r � 3d2r2 þ 3dr3

d2 � 2dr þ r2

 !
3d2r � d3

r3 � dr2

� �
; (1)

where r is the indentation radius, C10 and C20 are the hypere-

lastic material constants. C20 is a nonlinear stiffness parame-

ter. C10 is related to Young’s modulus (E) and Poisson’s

ratio ð�Þ via the following equation:

C10 ¼
E

3p 1� �2ð Þ : (2)

FIG. 1. (a) The sample harvested from central load bearing area of the hum-

eral head of an adult red kangaroo (b) Indentation testing is conducted after

the sample is constrained in a sample holder.
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In Equation (1), k1 and k2 are the factors that account for the

indenter geometry and the finite thickness of the tissue and

are related to thickness (h) over r via Equations (3) and (4)

(see Sec. 6.1 of the supplementary material32)

k1 ¼ 2:306
h

r

� ��1:568

; (3)

k2 ¼ 0:958
h

r

� ��5:43

: (4)

In order to obtain Young’s modulus, a computer program

was developed using Matlab R2014a (The MathWorks, Inc.)

to solve the nonlinear least-square minimization problem of

curve-fitting the force-indentation data to Equation (1).

Since Equation (1) has been derived assuming material

incompressibility, Poisson’s ratio was taken to be 0.5 in the

present study. The effect of enzymatic degradation on per-

meability of the tissue was also assessed and was extracted

by curve fitting a porohyperelastic model to experimental

force-indention curves at the smallest stain-rate (10�4/s)

using inverse finite element analysis.41

The mechanical behavior and properties of normal, pro-

teoglycan degraded and collagenase degraded tissues were

statistically compared with each other. The Repeated measure

analysis of variance (ANOVA) was used to identify the statis-

tical significance of the treatments while Tukey’s pairwise

comparison test was employed to compare between the indi-

vidual levels of treatments. Minitab version 16.1.1 (2010

Minitab Inc.) was used for the statistical analysis. In this

study, the statistical significance is reported at both 95%

(p< 0.05) and 99.5% (p< 0.005) confidence intervals.

Fig. 2 presents the average normalized force-indentation

curves for two sample groups tested: trypsin treated (Fig. 2(a))

and collagenase treated (Fig. 2(c)). For the purpose of compari-

son between the two treatments, the force-indentation curves

are normalized. The mean thickness of samples was

0.76 6 0.16 mm and 0.78 6 0.10 mm for the proteoglycan and

collagenase treated groups, respectively (p¼ 0.681). Although

samples were harvested from randomly picked shoulder joints

and tight control on experimental procedure was employed, av-

erage Young’s modulus (Table I) was observed to be different

in these two groups (p< 0.05) which can be attributed to inher-

ent biological variation of samples. It was found that the stiff-

ness of the kangaroo shoulder cartilage increases with strain-

rate, which has been reported previously for other cartilage tis-

sues.35,42 The strain-rate-dependent behavior was still a charac-

teristic of the tissue even after the proteoglycan and collagen

degradation (Figs. 2(a) and 2(c)). However, the proteoglycan

and collagen degradation significantly compromised the ability

of tissue to respond to varying strain-rates resulting in tissues

less capable of withstanding external loads (p< 0.05).

Young’s modulus at all strain-rates reduced gradually

(Fig. 2(b)) with the progressive removal of proteoglycans, and

is statistically significant for 1 h, 2 h, and 4 h trypsin treat-

ments when compared with normal tissue (p< 0.05). These

results confirm the already established knowledge that proteo-

glycans have a direct role in compressive load bearing of car-

tilage tissues. Permeability increased from 1.38 6 0.8310�14

m4/Ns to 3.03 6 1.43 � 10�14 m4/Ns due to the proteoglycan

degradation (p< 0.005), which is similar to previously

reported studies.8 The permeability values correspond to a

pore size of 160.38 6 37.49 Å and 238.96 6 48.00 Å, respec-

tively, which represents an increase of 1.48 times.

It was believed that complete removal of proteoglycans

would increase the pore size of the tissue to an extent that the

solid-interstitial fluid frictional interactions would be consid-

erably reduced, which is one of the main contributors to the

strain-rate-dependency of cartilage tissues.43,44 Hence, the

complete removal of proteoglycans was expected to almost

completely remove the strain-rate-dependent nature of carti-

lage. However, even after 4 h of trypsin treatment the strain-

rate-dependent behavior can still be observed. This implies

that the dense collagen network still sustains the size of pores

in cartilage to an extent that solid-interstitial fluid frictional

interaction is able to facilitate the tissues ability to respond to

varying strain-rates or it may be due to the flow-independent

FIG. 2. (a) The average (n¼ 12) normalized force-indentation curves for

samples treated in trypsin for 4 h. (b) Young’s modulus variation with 1 h,

2 h, and 4 h trypsin treatment for four strain-rates. (c) The average (n¼ 10)

normalized force-indentation curves for samples treated in collagenase for

44 h. (d) Variation of Young’s modulus with strain-rate for collagenase

treated samples.

TABLE I. Young’s moduli (MPa) of 4 h trypsin treated and 44 h collagenase treated kangaroo shoulder cartilage at four strain-rates.

Strain-rates 10�4/s 5 � 10�4/s 5 � 10�3/s 10�2/s

0 h in trypsin (n¼ 12) 0.040 6 0.016 0.078 6 0.445 0.360 6 0.261 0.523 6 0.299

4 h in trypsin 0.026 6 0.014 0.048 6 0.026 0.194 6 0.076 0.328 6 0.131

0 h in collagenase (n¼ 10) 0.10 6 0.045 0.217 6 0.125 1.023 6 0.580 1.412 6 0.485

44 h in collagenase 0.043 6 0.025 0.084 6 0.049 0.377 6 0.214 0.633 6 0.341

103701-3 Thibbotuwawa et al. Appl. Phys. Lett. 107, 103701 (2015)
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viscoelasticity of collagen network, which is reported45,46 to

contribute the strain-rate-dependency of cartilage.

The samples treated for 44 h in collagenase showed a sig-

nificant decrease (Fig. 2(d)) in Young’s modulus at all strain-

rates (p< 0.005). The permeability values were 1.36 6 0.41

� 10�14 m4/Ns and 4.19 6 2.79 � 10�14 m4/Ns for normal

and collagenase treated tissues, respectively. These perme-

ability values correspond to pore sizes of 162.16 6 22.32 Å

and 270.22 6 94.96 Å (p< 0.05), respectively, which is a

1.67 times increase in pore size. This permeability increase

due to collagenase treatment is similar to previously reported

studies.8 Collagenase treatment for 44 h is known to signifi-

cantly degrade the superficial collagen.47 The results of the

alcian blue experiment confirmed that a large portion of pro-

teoglycans are still intact in the tissue matrix (Sec. 5 of the

supplementary material32). Therefore, the decrease in the tis-

sue stiffness and strain-rate-dependency as well as the

increase in permeability is mainly due to the degraded colla-

gen matrix.

In cartilage, water swallowing proteoglycans constrained

by three-dimensional collagen network form the functional

load-bearing unit of cartilage. Any disruption of the collagen

network would reduce its ability to constrain the proteogly-

cans, compromising the matrix integrity and its ability to act

as an effective load-bearing unit. In addition to the reduction

in tissue stiffness, collagen disruption can increase the inter-

spaces between collagen fibrils, i.e., the pore size and the per-

meability of tissue as observed in the present study.

Therefore, the significant reduction in strain-rate-dependency

observed, even more than the case of 4 h trypsin treated sam-

ples, confirms the importance of the collagen network in facil-

itating strain-rate-dependent behavior of cartilage.

Interestingly, when comparing the effect of 4 h trypsin

treatment and 44 h collagenase treatment (Fig. 3(a)), it was

noted that the collagenase treatment reduced tissue stiffness

more at all strain-rates (p< 0.05). Therefore, in shoulder car-

tilage the superficial collagen contributes more than the pro-

teoglycans when responding to compressive loads. This is

understandable considering that chondrocytes can synthesize

the extracellular matrix according to the mechanical inputs it

receives. Hence, larger and more frequent the compressive

forces, higher the proteoglycan composition and its role on

the tissue behavior. Note that the shoulder joint experiences

low magnitude compressive loads and therefore the stimula-

tion of chondrocytes by compressive forces is also consider-

ably low. Thus the amount of proteoglycans in shoulder

cartilages is small, indicating that the collagen architecture

of shoulder cartilage plays a dominant role in the tissue

behavior as indicated by the results of the present study.

These findings are further reinforced by the observation

that 44 h collagen degradation more or less had an equal

(p> 0.1) effect on the tissue behavior at all strain-rates tested

while similar observation can be made for 4 h proteoglycan

degradation (Fig. 3(a)). The role of proteoglycans facilitating

the tissue behavior equally even at different strain-rates has

been reported earlier,10 and is justifiable considering its direct

role in facilitating compressive load-bearing ability of the tis-

sue. However, the finding that superficial collagen affects the

tissue behavior equally at all strain-rates is contrary to that

reported in literature. On investigating the tissue behavior

from 10�3/s to 10�1/s, Julkunen et al.10 reported that superfi-

cial collagen only contributes to the tissue behavior substan-

tially at the highest strain-rate, i.e., 10�1/s. However, in their

study, the contribution of proteoglycan (approximately

37.2%) on the tissue behavior at 10�1/s was still much higher

than the contribution of superficial collagen (14.7%). In com-

parison, by calculating the average percentage decrease in

Young’s modulus (Fig. 3(a)) at the strain-rates tested, the

results of the present study indicated that the contribution of

the superficial collagen to the tissue behavior of shoulder car-

tilage is 54.88 6 1.11% while the contribution of proteogly-

cans is 35.99% 6 2.3%. The difference in observation of the

present study with the reported studies is reasonable consider-

ing that the reported studies are for knee cartilages which are

structurally and compositionally different from the shoulder

cartilages. As mentioned, the collagen plays a dominant role

in the mechanical behavior of shoulder cartilages, to an extent

even larger than the proteoglycans. Therefore, an equally

dominant effect of collagen on mechanical behavior of

shoulder cartilage at all strain-rates is justifiable.

Another interesting observation is that, on average, the

collagen disruption and proteoglycan degradation in total

contributed to 89%–95% (Fig. 3(a)) reduction in total tissue

stiffness. This implies that the total removal of proteoglycans

and significant disruption of superficial collagen would

render the shoulder cartilage almost incapable of responding

to varying rates of external loads. Although dominated by

the collagen network, this shows the important functional

interdependency of collagen and proteoglycans in facilitating

the strain-rate-dependent behavior of shoulder cartilage.

In order to understand the changes in the internal tissue

behavior when the proteoglycans and collagens are degraded,

a validated porohyperelastic FE model was employed (see

Sec. 7 of the supplementary material32). Based on the FE

model predictions, as shown in Fig. 3(b), for the strain-rate of

10�4/s, the hydrostatic excess pore-pressure decreases consid-

erably due to degradation of proteoglycan and collagen. The

results are due to the decrease in elastic properties and

increase in permeability when the tissue is degraded. The fluid

is less capable of contributing to the load bearing function in

the case of collagen degradation when compared with the pro-

teoglycan degradation. Hence there will be more burdens on

the collagen network when the superficial collagen is

degraded, which will lead to the collagen network being fur-

ther damaged and ultimately dysfunctional.

In summary, the present study investigated the physical

mechanisms underlying the strain-rate-dependent behavior

FIG. 3. (a) Percentage decrease in Young’s modulus in 4 h trypsin treated

and 44 h collagenase treated samples. (b) Variation of pore-pressure with

strain for 4 h trypsin treated and 44 h collagenases treated samples.
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of kangaroo shoulder cartilage. The results of the study

revealed that proteoglycan depletion and superficial collagen

disruption substantially compromised the tissues’ ability to

respond to different strain-rates. Superficial collagen was

found to play a more important role than the proteoglycans

in facilitating strain-rate-dependent behavior of the tissue

and contributed evenly to tissue behavior at all strain-rates.

This is in contrast to the conclusions reported on knee carti-

lages where the superficial collagen is reported to contribute

less than proteoglycans to the mechanical behaviour, and the

role of superficial collagen becomes substantial only at large

strain-rates. Based on the porohyperelastic modelling, it was

found that the collagen disruption would lead to shoulder

cartilage being damaged faster than when the proteoglycans

were depleted due to interstitial fluid being less capable of

supporting external loads.
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3D. Heinegård and T. Saxne, Nat. Rev. Rheum. 7(1), 50–56 (2011).
4H. E. Panula, M. M. Hyttinen, J. P. Arokoski, T. K. Långsj€o, A. Pelttari, I.

Kiviranta, and H. J. Helminen, Ann. Rheum. Dis. 57(4), 237–245 (1998).
5J. Buckwalter, H. Mankin, and A. Grodzinsky, Instructional Course Lect.

54, 465–480 (2004).
6F. Guilak, A. Ratcliffe, N. Lane, M. P. Rosenwasser, and V. C. Mow,

J. Orthop. Res. 12(4), 474–484 (1994).
7S. Saarakkala, P. Julkunen, P. Kiviranta, J. M€akitalo, J. Jurvelin, and R.

Korhonen, Osteoarthritis Cartilage 18(1), 73–81 (2010).
8R. K. Korhonen, M. S. Laasanen, J. T€oyr€as, R. Lappalainen, H. J.

Helminen, and J. S. Jurvelin, J. Biomech. 36(9), 1373–1379 (2003).
9M. Laasanen, J. T€oyr€as, R. Korhonen, J. Rieppo, S. Saarakkala, M.

Nieminen, J. Hirvonen, and J. Jurvelin, Biorheology 40(1,2,3), 133–140

(2003).
10P. Julkunen, J. S. Jurvelin, and H. Isaksson, Biomech. Model.

Mechanobiol. 9(2), 237–245 (2010).
11V. Mow, D. Fithian, and M. Kelly, Articular Cartilage and Knee Joint

Function: Basic Science and Arthroscopy (Raven Press, New York, 1990),

pp. 1–18.
12B. He, J. P. Wu, S. M. Chim, J. Xu, and T. B. Kirk, Osteoarthritis

Cartilage 21(1), 237–245 (2013).
13B. Rolauffs, J. M. Williams, A. J. Grodzinsky, K. E. Kuettner, and A. A.

Cole, J. Struct. Biol. 162(2), 335–344 (2008).
14J. C. Hu and K. A. Athanasiou, Handbook of Histology Methods for Bone

and Cartilage (Springer, 2003), pp. 73–95.
15B. He, Microstructural and Compositional Analyses of Kangaroo Articular

Cartilage Reveal Its Unique Structural and Mechanical Properties, PhD

thesis, The University of Western Australia (University of Western

Australia, 2012).

16K. E. Kuettner and A. A. Cole, Osteoarthritis Cartilage 13(2), 93–103

(2005).
17P. Brama, J. Tekoppele, R. Bank, A. Barneveld, and P. Weeren, Equine

Vet. J. 32(3), 217–221 (2000).
18P. Brama, J. TeKoppele, R. Bank, A. Barneveld, and P. Weeren, Equine

Vet. J. 34(3), 265–269 (2002).
19M. D. Buschmann, Y. A. Gluzband, A. J. Grodzinsky, and E. B. Hunziker,

J. Cell Sci. 108(4), 1497–1508 (1995).
20E. Saadat, H. Lan, S. Majumdar, D. M. Rempel, and K. B. King, Arthritis

Res. Ther. 8(5), R147 (2006).
21T. Ikenoue, M. C. Trindade, M. S. Lee, E. Y. Lin, D. J. Schurman, S. B.

Goodman, and R. L. Smith, J. Orthop. Res. 21(1), 110–116 (2003).
22L. J. Bonassar, A. J. Grodzinsky, E. H. Frank, S. G. Davila, N. R. Bhaktav,

and S. B. Trippel, J. Orthop. Res. 19(1), 11–17 (2001).
23R. J. Wilkins, J. A. Browning, and J. P. Urban, Biorheology 37(1,2),

67–74 (2000).
24L. P. Li and W. Herzog, Clin. Biomech. (Bristol, Avon) 21(4), 420–426

(2006).
25J. T€oyr€as, T. Lyyra-Laitinen, M. Niinim€aki, R. Lindgren, M. Nieminen, I.

Kiviranta, and J. Jurvelin, J. Biomech. 34(2), 251–256 (2001).
26T. Lyyra-Laitinen, M. Niinim€aki, J. T€oyr€as, R. Lindgren, I. Kiviranta, and

J. S. Jurvelin, Phys. Med. Biol. 44(10), 2511 (1999).
27H. Moody, C. Brown, J. Bowden, R. W. Crawford, D. McElwain, and A.

Oloyede, J. Anat. 209(2), 259–267 (2006).
28J. Rieppo, J. T€oyr€as, M. T. Nieminen, V. Kovanen, M. M. Hyttinen, R. K.

Korhonen, J. S. Jurvelin, and H. J. Helminen, Cells Tissues Organs 175(3),

121–132 (2003).
29M. Brittberg, P. Aglietti, R. Gambardella, L. Hangody, H. Hauselmann, R.

Jakob, D. Levine, S. Lohmander, B. Mandelbaum, and L. Peterson, paper

presented at the 3rd ICRS Meeting, G€oteborg, Sweden, 2000.
30A. Changoor, L. Fereydoonzad, A. Yaroshinsky, and M. D. Buschmann,

J. Biomech. Eng. 132(6), 064502 (2010).
31C. Qu, M. Hirviniemi, V. Tiitu, J. S. Jurvelin, J. Toyras, and M. J. Lammi,

Cartilage 5(2), 97–106 (2013).
32See supplementary material at http://dx.doi.org/10.1063/1.4929498 for

more information about assessment of tissue preservation methods, con-

stituent degradation protocols, Force-indentation relationship derivation

and porohyperelastic finite element model.
33V. Morel and T. M. Quinn, J. Orthop. Res. 22(1), 145–151 (2004).
34T. Quinn, R. Allen, B. Schalet, P. Perumbuli, and E. Hunziker, J. Orthop.

Res. 19(2), 242–249 (2001).
35A. Oloyede, R. Flachsmann, and N. D. Broom, Connect. Tissue Res.

27(4), 211–224 (1992).
36M. Laasanen, J. T€oyr€as, J. Hirvonen, S. Saarakkala, R. Korhonen, M.

Nieminen, I. Kiviranta, and J. Jurvelin, Physiol. Meas. 23(3), 491

(2002).
37T. K. Långsj€o, J. Rieppo, A. Pelttari, N. Oksala, V. Kovanen, and H. J.

Helminen, Cells Tissues Organs 172(4), 265–275 (2001).
38N. Thibbotuwawa, A. Oloyede, W. Senadeera, T. Li, and Y. Gu, J. Mech.

Behav. Biomed Mater. 51, 248–259 (2015).
39D. Lin, E. Dimitriadis, and F. Horkay, eXPRESS Polym. Lett. 9(1),

576–584 (2007).
40M. G. Zhang, Y. P. Cao, G. Y. Li, and X. Q. Feng, Biomech. Model.

Mechanobiol. 13(1), 1–11 (2014).
41B. Simon, M. Kaufmann, M. McAfee, A. Baldwin, and L. Wilson,

J. Biomech. Eng. 120(2), 188–194 (1998).
42A. Oloyede and N. Broom, Connect. Tissue Res. 30(2), 127–141

(1993).
43L. P. Li, M. D. Buschmann, and A. Shirazi-Adl, J. Biomech. Eng. 125(2),

161 (2003).
44L. P. Li and W. Herzog, J. Biomech. 37(3), 375–382 (2004).
45M. R. DiSilvestro, Q. Zhu, and J.-K. F. Suh, J. Biomech. Eng. 123(2), 198

(2001).
46C.-Y. Huang, M. A. Soltz, M. Kopacz, V. C. Mow, and G. A. Ateshian,

J. Biomech. Eng. 125(1), 84 (2003).
47M. T. Nieminen, J. T€oyr€as, J. Rieppo, J. M. Hakum€aki, J. Silvennoinen, H.

J. Helminen, and J. S. Jurvelin, Magn. Reson. Med. 43(5), 676–681

(2000).

103701-5 Thibbotuwawa et al. Appl. Phys. Lett. 107, 103701 (2015)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  131.181.136.141 On: Wed, 20 Jul

2016 04:54:08

http://dx.doi.org/10.3109/03008209609021497
http://dx.doi.org/10.1016/0142-9612(92)90001-5
http://dx.doi.org/10.1038/nrrheum.2010.198
http://dx.doi.org/10.1136/ard.57.4.237
http://dx.doi.org/10.1002/jor.1100120404
http://dx.doi.org/10.1016/j.joca.2009.08.003
http://dx.doi.org/10.1016/S0021-9290(03)00069-1
http://dx.doi.org/10.1007/s10237-009-0169-y
http://dx.doi.org/10.1007/s10237-009-0169-y
http://dx.doi.org/10.1016/j.joca.2012.10.008
http://dx.doi.org/10.1016/j.joca.2012.10.008
http://dx.doi.org/10.1016/j.jsb.2008.01.010
http://dx.doi.org/10.1016/j.joca.2004.11.006
http://dx.doi.org/10.2746/042516400776563626
http://dx.doi.org/10.2746/042516400776563626
http://dx.doi.org/10.2746/042516402776186146
http://dx.doi.org/10.2746/042516402776186146
http://dx.doi.org/10.1186/ar2040
http://dx.doi.org/10.1186/ar2040
http://dx.doi.org/10.1016/S0736-0266(02)00091-8
http://dx.doi.org/10.1016/S0736-0266(00)00004-8
http://dx.doi.org/10.1016/j.clinbiomech.2005.12.010
http://dx.doi.org/10.1016/S0021-9290(00)00189-5
http://dx.doi.org/10.1088/0031-9155/44/10/310
http://dx.doi.org/10.1111/j.1469-7580.2006.00605.x
http://dx.doi.org/10.1159/000074628
http://dx.doi.org/10.1115/1.4000991
http://dx.doi.org/10.1177/1947603513515998
http://dx.doi.org/10.1063/1.4929498
http://dx.doi.org/10.1016/S0736-0266(03)00164-5
http://dx.doi.org/10.1016/S0736-0266(00)00025-5
http://dx.doi.org/10.1016/S0736-0266(00)00025-5
http://dx.doi.org/10.3109/03008209209006997
http://dx.doi.org/10.1088/0967-3334/23/3/302
http://dx.doi.org/10.1159/000067196
http://dx.doi.org/10.1016/j.jmbbm.2015.07.018
http://dx.doi.org/10.1016/j.jmbbm.2015.07.018
http://dx.doi.org/10.3144/expresspolymlett.2007.79
http://dx.doi.org/10.1007/s10237-013-0481-4
http://dx.doi.org/10.1007/s10237-013-0481-4
http://dx.doi.org/10.1115/1.2798301
http://dx.doi.org/10.1115/1.1560142
http://dx.doi.org/10.1016/S0021-9290(03)00263-X
http://dx.doi.org/10.1115/1.1351887
http://dx.doi.org/10.1115/1.1531656
http://dx.doi.org/10.1002/(SICI)1522-2594(200005)43:5<676::AID-MRM9>3.0.CO;2-X

