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A B S T R A C T   

High-frequency material behavior of cartilage at macroscopic lengths is not widely understood, despite a wide 
range of frequencies and contact lengths experienced in vivo. For example, cartilage at different stages of matrix 
integrity can experience high-frequency loading during traumatic impact, making high-frequency behavior 
relevant in the context of structural failure. Therefore, this study examined macroscopic dissipative and me
chanical responses of intact and glycosaminoglycan (GAG)-depleted cartilage under previously unexplored high- 
frequency loading. These dynamic responses were complemented with the evaluation of quasi-static responses. A 
custom dynamic mechanical analyzer was used to obtain dynamic behavior, and stress relaxation testing was 
performed to obtain quasi-static behavior. Under high-frequency loading, cartilage energy dissipation increased 
with GAG depletion and decreased with strain; dynamic modulus exhibited opposite trends. Similarly, under 
quasi-static loading, equilibrium modulus and relaxation time of cartilage decreased with GAG depletion. The 
increased energy dissipation after GAG depletion under high-frequency loading was likely due to increased 
viscoelastic dissipation. These findings broaden our understanding of fundamental properties of cartilage as a 
function of solid matrix integrity in an unprecedented loading regime. They also provide a foundation for 
analyzing energy dissipation associated with cartilage failure induced by traumatic impact.   

1. Introduction 

Articular cartilage is a load-bearing and dissipative material that 
cushions the ends of bones in diarthrodial joints and protects against 
load-induced damage. The cartilage solid matrix is made of pro
teoglycans (PGs) with sulfated glycosaminoglycan (GAG) side chains 
(4–7% of wet weight (Mow et al., 1992)) embedded in a dense collagen 
fibril matrix (15–22% of wet weight (Mow et al., 1992)). While collagen 
fibrils under tension maintain cartilage integrity (Andriotis et al., 2018; 
Eisenberg and Grodzinsky, 1985; Kempson et al., 1968; Soulhat et al., 
1999), negatively charged GAGs provide positive swelling force and 
compressive resistance through osmotic pressure and repulsive in
teractions between charge groups (Han et al., 2011; Mow et al., 1992). 
The largest component of cartilage is fluid (about 60–85% of wet 
weight), which swells the solid matrix and pore space (Maroudas et al., 
1991; Mow et al., 1992; Torzilli, 1985). 

Dissipative and mechanical responses of cartilage arise due to 
poroelastic (PE) and intrinsic viscoelastic (VE) relaxations (Akizuki 

et al., 1986; Boettcher et al., 2016; Han et al., 2018; Matthews et al., 
1977; Nia et al., 2011). PE relaxation is caused by drag due to 
stress-induced pore fluid diffusion, resulting in energy dissipation via 
fluid-solid frictional interaction (Mow et al., 1980). PE relaxation time 
depends on a characteristic diffusion length and diffusivity (DiDomenico 
et al., 2018; Han et al., 2018; Lai and Hu, 2017; Nia et al., 2011, 2013). 
Intrinsic VE relaxation is induced by interactions and rearrangement of 
solid matrix macromolecules (Huang et al., 2003; Lakes, 2009; Mak, 
1986). Therefore, VE relaxation time is length- and 
diffusion-independent at the continuum level (Han et al., 2018; Lai and 
Hu, 2017; Mak, 1986). PE and VE relaxation mechanisms both play 
important roles in dissipative capacity and protection against failure of 
cartilage (Edelsten et al., 2010; Fulcher et al., 2009; Han et al., 2019; 
Lawless et al., 2017; Nia et al., 2011, 2013, 2015). 

Although dissipative and mechanical responses of cartilage at 
microscale lengths have been explored up to high frequencies as a 
function of solid matrix integrity, they are only partially understood at 
macroscopic lengths. At microscale lengths, GAG-depleted cartilage has 
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higher permeability due to increased pore size, resulting in lower dy
namic modulus and an increase in the frequency of peak PE dissipation 
in the 1–10 kHz range (Nia et al., 2013). In the 5–100 Hz range, VE 
provides a baseline for dissipation, while PE dissipation increases overall 
dissipation at relatively small length scales (Han et al., 2018). Under 
quasi-static loading at microscale lengths, elastic moduli of 
GAG-depleted cartilage are much lower than those of intact cartilage 
across the full-thickness sample, but permeability shows an opposite 
trend (Wahlquist et al., 2017). These previous studies provide dissipa
tive and mechanical responses of cartilage at microscale lengths over a 
broad frequency range corresponding to walking (1–8 Hz), running 
(4–100 Hz), jumping (2–100 Hz), and traumatic impact (�200 Hz) (Nia 
et al., 2013). However, cartilage responses at macroscale lengths (� 2 
mm) have only been partially explored in a relatively low-frequency 
range. For example, storage and loss moduli of intact cartilage gradu
ally reach constant values at around 15 Hz and maintain them up to 
around 90 Hz, and higher applied stresses decrease phase shift (Fulcher 
et al., 2009; Lawless et al., 2017). Decreased solid matrix integrity de
creases modulus and increases phase shift under shear at 0.1 Hz and 
compressive loading from 0.1 Hz to 40 Hz (Griffin et al., 2014; Park 
et al., 2008). To date, macroscopic dissipative and mechanical responses 
of cartilage as a function of solid matrix integrity and strain have not 
been investigated under high-frequency normal loading (� 40–90 Hz). 
This gap is important to fill because in vivo contact occurs at macroscale 
lengths (Chan et al., 2016; Fukubayashi and Kurosawa, 1980) and in
cludes high-frequency loading during traumatic impact (Nia et al., 
2013). Previous studies show that cartilage failure can be easily induced 
under relatively fast loading rates (Bartell et al., 2018; G. Han et al., 
2019; Henak et al., 2017; Kaplan et al., 2017; Sadeghi et al., 2015). The 
measurement of fundamental cartilage behavior under high-frequency 
loading can lay the foundation for understanding cartilage failure 
induced under traumatic loading scenarios. 

The aim of this study is to fill this gap by examining the effects of 
solid matrix integrity and strain on dissipative and mechanical responses 
of cartilage up to 300 Hz in order to cover previously unexplored trauma 
scenarios under macroscopic contact lengths. 

2. Methods 

Cartilage dynamic and quasi-static behavior was evaluated as a 

function of solid matrix integrity (Fig. 1). Dynamic responses were 
measured by using a dynamic mechanical analyzer (DMA). Quasi-static 
responses were measured by performing stress relaxation tests. 

2.1. Sample preparation: intact cartilage 

Patellae from eight porcine joints were harvested from a local 
abattoir (8 animals, 5–6 months old, sex unknown and assumed 
random). A total of 16 cylindrical cores with a diameter of 4 mm were 
obtained using a biopsy punch and a scalpel (two cylindrical cores per 
animal). A microtome was used to remove subchondral bone and ach
ieve a deep surface parallel to the articular surface. Eight of the total 16 
cores were used to measure dynamic responses of intact and GAG- 
depleted cartilage, and the others were used to measure the quasi- 
static responses (Fig. 1). Cartilage samples were kept hydrated during 
the preparation process in Dulbecco’s phosphate-buffered saline (DPBS) 
with a protease inhibitor (PI) (Pierce Mini Tablets, EDTA-free, Thermo 
Fisher, Waltham, MA). 

2.2. Quasi-static testing 

Quasi-static responses of intact and GAG-depleted cartilage were 
examined by measuring stress relaxation responses under unconfined 
compression at four different strain levels (Fig. 1a–c). Tests were con
ducted on a 3230-AT Series III test instrument (TA Instruments, New 
Castle, DE) with a 6 mm diameter flat indenter. Intact cartilage was 
attached to a stage, compressed up to 5% strain with a 0.1 s 1 strain rate, 
and relaxed for 11 min. The relaxation time was selected to make sure 
that cartilage reached equilibrium after 10-min relaxation at which time 
dynamic testing was performed. Additional steps of 5% strain and 
holding period were repeatedly applied up to 20% strain. After testing 
intact cartilage, mild-GAG-depletion was induced via a 30 min incuba
tion period in 0.25% trypsin at 37 �C, and the test protocol used for 
intact cartilage was conducted. Severe-GAG-depletion was then induced 
via an additional 6.5-h incubation in 0.25% trypsin at 37 �C, and the 
testing was repeated. Trypsin digests the non-fibrillar matrix which is 
mostly made of PGs with core proteins and GAG chains (Griffin et al., 
2014; Nguyen et al., 1989), but it does not significantly affect the 
micro/macroscale structural features and tensile strength of the collagen 
fibrillar matrix (Bonassar et al., 1995; Lewis and Johnson, 2001; 

Fig. 1. (a) Overview of experiments. (b) GAG contents of intact and GAG-depleted cartilage quantified via the DMMB assay. Schematic diagrams of (c) quasi-static 
(stress relaxation) and (d) dynamic testing setups. (c) and (d) are not drawn to scale. The error bars in (b) show the standard deviations (n ¼ 4). 
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Schmidt et al., 1990). GAG contents after trypsin treatments were 
quantified in pilot samples (n ¼ 4) subjected to a dimethylmethylene 
blue (DMMB) assay (intact: 30.55 � 2.77 μg/mg wet weight, PG 
depletion for 30 min: 17.07 � 1.83 μg/mg wet weight, and PG depletion 
for additional 6.5 h: 2.84 � 1.35 μg/mg wet weight) (Fig. 1b). After each 
trypsin treatment, cartilage samples were immersed in DPBS with a PI 
for around 1 h to reach equilibrium. Cartilage thickness was then 
measured using calipers, and the average thickness (n ¼ 8) was 
1.61�0.21 mm. Consistent with a previous study (Huang and Zheng, 
2009), the effect of GAG depletion on cartilage thickness was negligible. 

Stress relaxation responses were used to quantify peak stresses, 
equilibrium moduli, and relaxation times of intact and GAG-depleted 
cartilage. First Piola-Kirchhoff peak stress for each strain level was 
calculated by dividing the peak load (unrelaxed state) with reference 
configuration area, A (¼ πr2 ¼ 12.57 mm2). Equilibrium stress was 
calculated by dividing equilibrium load (relaxed state) by A. Equilib
rium load for each strain was defined as the load response after 10 min of 
relaxation (Fig. 2a) because there was virtually no further relaxation; 
load relaxation between 10 min and 11 min was less than 0.08% of total 
relaxation defined as from peak load to equilibrium load for each strain. 
A linear function was fitted to average equilibrium stresses as a function 
of strain, and its slope represented the equilibrium modulus of cartilage. 
Relaxation time was defined as the time required to relax 90% of the 
total relaxation. 

2.3. Dynamic testing under high-frequency loading 

Macroscopic dynamic responses of intact and GAG-depleted cartilage 
under high-frequency loading were investigated by measuring the phase 
shift and dynamic modulus using the DMA (Fig. 1a,b, and d). Intact 
cartilage was compressed to 5% strain and relaxed for 10 min to reach 
equilibrium (relaxed state) (Fig. 2a). Then, a frequency sweep from 75 
Hz to 300 Hz with a small oscillation (about 650 nm) was applied to a 

sample stage using a piezo actuator (PI P-250.20, PI, Auburn, MA). 
Dynamic testing was repeated at 10, 15, and 20% strain, with strain 
levels matched to the quasi-static testing. Acceleration of the sample 
stage and DMA frame induced by the piezo actuator was measured with 
two accelerometers (PCB333B30, PI, Auburn, MA) (Fig. 1d). Displace
ments for the sample stage, x1, and DMA frame, x2, were obtained from 
the double integration of their measured acceleration. The force 
response during the frequency sweep was measured by a dynamic force 
sensor (PCB208C01, PI, Auburn, MA). The sampling frequency for 
measuring the acceleration and force was 5 kHz. Using these measured 
responses, the complex dynamic stiffness, KðωÞ, was obtained through 
the frequency domain analysis as follows: 

KðωÞ¼ FðωÞ
X1ðωÞ  X2ðωÞ (1)  

where FðωÞ is the force response and X1ðωÞ and X2ðωÞ are the dis
placements of the sample stage and DMA frame, respectively, in the 
frequency domain. Then, the complex dynamic modulus, EðωÞ, was 
calculated as follows: 

EðωÞ¼KðωÞlc

A
(2)  

where lc is the thickness of cartilage at each stain level and A is the 
reference configuration contact area between the force sensor and 
cartilage. As the diameter of the force sensor was larger than that of 
cartilage, A was equal to the area of articular surface. The magnitude, 
jEðωÞj, and phase, ∠EðωÞ provided the dynamic modulus and phase shift 
of intact cartilage, respectively. Following intact cartilage, mild-GAG- 
depleted and severe-GAG-depleted cartilage were tested using the 
same test protocol in consecutive order. GAG-depleted samples were 
prepared in the same way as those used for the quasi-static testing. The 
average cartilage thickness (n ¼ 8) used for dynamic testing was 

Fig. 2. Results of quasi-static testing on intact and GAG-depleted cartilage: (a) load relaxation responses, (b) peak stresses, (c) equilibrium stresses, and (d) relaxation 
times. The shaded error bands in (a) and error bars in (b), (c), and (d) show the standard deviations (n ¼ 8). 
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1.72�0.22 mm. 

2.4. Statistical analysis 

Data were not normally distributed and were therefore subjected to 
nonparametric analysis. A two-way aligned rank transformation anal
ysis of variance (ART ANOVA) was used to assess the effects of both GAG 
depletion and strain on peak stress, equilibrium stress, relaxation time, 
phase shift, and dynamic modulus, as well as the effects of frequency on 
phase shift and dynamic modulus. Pairwise analysis compared different 
strain levels and GAG depletion levels using post-hoc Tukey-corrected 
pairwise tests. Statistical analyses were performed in R 3.6.0, and a 
significance level of 0.05 was used. 

3. Results 

Quasi-static peak stresses, equilibrium stresses, and relaxation times 
of cartilage increased with strain and decreased with GAG depletion 
(Fig. 2a). Peak stresses of intact cartilage depended on GAG depletion (p 
< 0.0001). Intact cartilage had larger peak stresses than both mild-GAG- 
depleted and severe-GAG-depleted cartilage (p < 0.0001). Peak stress 
values in intact cartilage at 5% and 20% strain 2.28 times and 2.37 times 
larger than those of severe-GAG-depleted cartilage, respectively 
(Fig. 2b). Equilibrium stresses of cartilage decreased with GAG depletion 
(p < 0.0001) and increased with strain (p < 0.0001), with significance 
between all pairs (p < 0.003) (Fig. 2c). Intact cartilage at 5% and 20% 
strain exhibited 25.05 times and 17.33 times larger equilibrium stresses 
than severe-GAG-depleted cartilage, respectively. Equilibrium stresses 
of intact and severe-GAG-depleted cartilage at 20% strain were 3.87 
times and 5.58 times higher than those at 5% strain, respectively. From 
the slopes of the linear fits (Fig. 2c), equilibrium moduli of intact, mild- 
GAG-depleted, and severe-GAG-depleted cartilage were 0.89 MPa (R2 >

0.99), 0.34 MPa (R2 ¼ 0.94), and 0.05 MPa (R2 ¼ 0.97), respectively. 
Relaxation times of cartilage reduced with GAG-depletion (p < 0.0001) 
and increased with strain (p < 0.0001) (Fig. 2d). All pairwise compar
isons by GAG level were significant (p < 0.0001). Severe-GAG-depleted 
cartilage at 5% and 20% strain relaxed 6.74 times and 7.28 times faster 
than intact cartilage. Relaxation times of intact and severe-GAG- 
depleted cartilage from 5% strain to 20% strain increased 1.8 times 
and 1.66 times, respectively (p < 0.0001 between strain levels). 
Increasing relaxation times with strain and decreasing relaxation times 
with GAG depletion were consistent with previous studies (Han et al., 
2011; June et al., 2009; Kiviranta et al., 2006; Korhonen et al., 2002); 
some differences in relaxation times could be due to loading conditions, 
the definition of relaxation times, age, and species of samples. 

High-frequency phase shifts and dynamic moduli of cartilage 
depended on GAG-depletion and strain (Fig. 3). Phase shifts of cartilage 
increased with GAG depletion (p < 0.0001) and decreased with strain 
(p < 0.0001). All pairwise comparisons by GAG level were significant (p 
< 0.0001). For example, at 200 Hz under 5% strain, phase shifts 
increased from about 7.37� to about 12.91� after inducing severe-GAG- 
depletion. Phase shifts at 200 Hz decreased about 1.5� from 5% strain to 
20% strain for intact cartilage, and this decreasing trend was also 
observed in mild- and severe-GAG-depleted cartilage (p < 0.0001 be
tween strain levels). Phase shifts of intact and GAG-depleted cartilage 
were statistically rate-dependent in the high-frequency range of interest 
(p < 0.0001), but the numerical values only increased about one degree 
from 75 Hz to 300 Hz. In contrast to trends in phase shifts, dynamic 
moduli of cartilage decreased with GAG depletion (p < 0.0001) and 
increased with strain (p < 0.0001). For instance, dynamic moduli of 
intact cartilage at 5% strain at 200 Hz (32.79 MPa) were 2.6 times larger 
than those of severe GAG-depleted cartilage at 5% strain (12.49 MPa) (p 
< 0.0001 between GAG depletion levels). From 5% strain to 20% strain, 
dynamic moduli of intact and severe-GAG-depleted cartilage increased 
about 1.35 times and about 1.48 times, respectively (p < 0.0001 be
tween strain levels). 

4. Discussion 

Macroscopic energy dissipation of intact cartilage originates pre
dominantly from intrinsic VE dissipation under high-frequency loading. 
Cartilage undergoes nearly isochoric deformation with the restricted 
fluid flow when a PE Peclet number (defined as the ratio of the PE 
relaxation time constant to the inverse of the applied strain rate (Quinn 
et al., 2001)) is larger than 1. PE relaxation time is proportional to the 
square of a characteristic length but inversely proportional to diffusivity 
(Hu et al., 2010; Nia et al., 2011). Therefore, PE Peclet number for intact 
cartilage in this study can be estimated from published diffusivity, 3.89 
� 10 11 m2/s (Han et al., 2018), the sample dimensions (2 mm radius) 
and the strain rate ( _ε ¼ 0.11 s 1 at 75 Hz and 0.45 s 1 at 300 Hz) as 
much larger than 1. This suggests that VE dissipation dominates the 
measured relaxation. In addition, our previous study with dynamic 
testing at multiple contact radii showed that the energy dissipation of 
intact cartilage at a contact radius of about 40 μm was dominated by 
intrinsic VE dissipation under oscillatory loading (5–100 Hz with a small 
amplitude of around 1.25 nm) (Han et al., 2018). As the contact radius, 
frequency, and amplitude of the current study were larger than those of 
the previous study, intact cartilage likely behaved as a nearly incom
pressible solid and dominantly dissipated energy through intrinsic VE 
dissipation. Further, the measured phase shift (about 7� at 5% strain) 
was consistent with that of intrinsic VE dissipation reported in the 
previous work (about 8� at 0.8% representative strain) in the overlapped 
frequency range (75–100 Hz) (Han et al., 2018); samples used for both 
studies had the same age and species and were also harvested from the 
same local abattoir. Strain- and frequency-dependent phase shift of 
intact cartilage were consistent with macroscopic VE properties 

Fig. 3. (a) Phase shifts and (b) dynamic moduli of intact and GAG-depleted 
cartilage under high-frequency loading (75–300 Hz). The shaded error bands 
show the standard deviations (n ¼ 8). 
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reported in previous studies (1–92 Hz) (Fulcher et al., 2009; Lawless 
et al., 2017); some minor discrepancies in phase shift were likely due to 
species, age, and test conditions. 

GAG depletion enhanced the energy dissipation of cartilage under 
high-frequency loading. GAG-depleted cartilage exhibited a higher 
phase shift than intact cartilage, showing that the loss of GAG content 
increases energy dissipation (Fig. 3a). GAG depletion was likely to in
crease intrinsic VE dissipation. A previous study under shear loading 
(0.1 Hz) where there are virtually no poroelastic effects showed that 
GAG depletion increased cartilage dissipation (Griffin et al., 2014). In 
the current study, poroelastic effects were also minor even after GAG 
deletion due to the high-frequency compressive loading at a macro
scopic characteristic diffusion length; the Peclet number for 
GAG-depleted cartilage was also much larger than 1, which was esti
mated with the current loading condition, measured representative 
modulus (0.05 MPa), and previously reported permeability for 
GAG-depleted cartilage (1.3 � 10 13 m4/N⋅s (Nia et al., 2013)). 
Therefore, the current study combined with the previous study implies 
that VE dissipation, stemming from macromolecular rearrangement and 
interactions within the solid matrix (Huang et al., 2003; Lakes, 2009; 
Mak, 1986), increases high-frequency macroscopic cartilage dissipation 
after GAG depletion. In addition, as GAG depletion increases diffusivity 
(Nia et al., 2013; Wahlquist et al., 2017) without affecting the collagen 
fibril matrix (Griffin et al., 2014; Nguyen et al., 1989), there could be a 
minor contribution of altered PE dissipation to the difference in phase 
shifts of intact and GAG-depleted cartilage. While PE dissipation in 
intact cartilage was likely to come from frictional interactions between 
GAGs and fluid (Nia et al., 2015), PE dissipation of GAG-depleted 
cartilage was likely to originate from frictional interactions between 
collagen fibrils and fluid. Moreover, since GAG depletion significantly 
decreased dynamic (around 2.5 times) and equilibrium (around 18 
times) moduli and increased diffusivity, interfacial dissipation between 
the indenter and tissue, squeeze film damping effects, and flow near the 
edge of cartilage might have minor contributions to the increased 
cartilage dissipation. These results imply that osteoarthritis, which in
cludes GAG loss, could increase macroscopic energy dissipation of 
cartilage under high-frequency loading. 

The degeneration of the solid matrix decreased the resistance of 
cartilage to being deformed under fast dynamic and quasi-static loading. 
The dynamic moduli of GAG-depleted cartilage were smaller than those 
of intact cartilage (Fig. 3b). This suggests that GAG-depleted cartilage 
undergoes large deformation under the same pressure generated by 
high-frequency loading. The decreased resistance under high-frequency 
loading after GAG depletion (Fig. 3b) could be attributed to relatively 
decreased lateral expansion of cartilage (i.e., less volumetric change) 

due to the increased diffusivity, resulting in a decrease in the tensile 
strain of collagen fibrils (Andriotis et al., 2018; Han et al., 2019, 2018; 
Wong et al., 2000). In addition, the sharp decrease in equilibrium 
modulus as a function of the solid matrix integrity (Fig. 2c) showed that 
GAG-depleted cartilage could not resist quasi-static compression as 
much as intact cartilage. This was likely because the loss of negatively 
charged GAGs decreased osmotic pressure and repulsive force between 
charge groups, as shown in previous studies (Eisenberg and Grodzinsky, 
1985; Mow et al., 1992; Qin et al., 2002; Wahlquist et al., 2017). The 
effects of GAG depletion on moduli were much larger under quasi-static 
loading than high-frequency loading. These findings suggest that carti
lage could gradually lose the ability to resist dynamic and quasi-static 
loading at the early stages of osteoarthritis, where GAG loss occurs. 

The current study, combined with previous studies, provides a map 
of cartilage dissipative responses across multiple length- and time-scales 
(Fig. 4). This study filled the gap in high-frequency macroscopic dissi
pative responses of cartilage as a function of the solid matrix integrity, 
offering fundamental insight into cartilage dissipative behavior under 
traumatic scenarios at a contact length experienced in vivo (Chan et al., 
2016; Fukubayashi and Kurosawa, 1980). Cartilage dissipation comes 
from the combination of PE and VE dissipation mechanisms (Akizuki 
et al., 1986; Boettcher et al., 2016; Han et al., 2018; Matthews et al., 
1977; Nia et al., 2011). While PE dissipation depends on the square of 
the characteristic diffusion length and loading frequency (Lai and Hu, 
2017; Nia et al., 2011), VE dissipation only depends on the loading 
frequency. Hence, the frequency axis was normalized by the square of 
the length to eliminate the dependency of PE dissipation on the length 
(Han et al., 2018; Lai and Hu, 2017) so that cartilage dissipative re
sponses measured at different length- and time-scales were compared on 
a common scale. The frequencies of three dissipation peak values from 
intact cartilage (Han et al., 2018; Nia et al., 2011, 2013) collapsed into a 
nearly single value after the normalization (Fig. 4). The ratio of the 
highest to the lowest frequencies of the peak values was around 11 
before the normalization, whereas the ratio dropped to around 2 after 
the normalization. As a result, the dissipation peak values were aligned 
near a2f � 1� 10 9 m2/s. The collapse of the frequencies after the 
normalization indicated that PE dissipation dominantly governs intact 
cartilage dissipation around the peak values (Lai and Hu, 2017), 
consistent with the findings of the corresponding previous studies (Han 
et al., 2018; Nia et al., 2011, 2013). Beyond the dominant PE peaks, the 
contribution of PE dissipation to total dissipation decreases toward the 
right side of the normalized axis as the length and frequency increase. In 
particular, previous work with multiscale dynamic testing showed that 
VE dissipation becomes a dominant dissipation mechanism of intact 
cartilage after a normalized frequency of around 4 � 10 9 m2/s (Han 

Fig. 4. Dissipative responses of intact and GAG-depleted cartilage at multiple length- and time-scales. These responses were obtained under small-amplitude normal 
oscillations. The standard deviations for previous data (*(Nia et al., 2011, 2013), **(Fulcher et al., 2009), ***(Han et al., 2018), ****(Lawless et al., 2017), and y(Nia 
et al., 2013)) are not presented. Arrows indicate dominant PE dissipation peaks. The legend for the current findings is presented in Fig. 3. 
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et al., 2018). In addition, an analytical solution for oscillatory indenters 
on PE materials showed that PE dissipation sharply decreases within two 
decades from the normalized frequency of a peak value (Lai and Hu, 
2017). Consequently, the current study combined with the previous 
studies and high Peclet numbers showed that macroscopic 
high-frequency dissipative behavior of intact cartilage dominantly 
derived from VE dissipation. GAG depletion shifts the normalized fre
quency of the PE dissipation peak to around 2 � 10 8 m2/s (Nia et al., 
2013) due to the increased diffusivity. The current results of 
GAG-depleted cartilage were placed much more than two decades from 
the previously reported PE peak. Therefore, this suggests that VE dissi
pation is likely to govern macroscopic high-frequency dissipation of 
GAG-depleted cartilage, which is consistent with the estimated Peclet 
numbers for both intact and GAG-depleted cartilage. The findings 
regarding GAG-depleted cartilage provided the effect of the solid matrix 
integrity on high-frequency microscopic dissipation, which was not 
previously explored. Some discrepancies between results from different 
studies could be due to the differences in the age and species of samples 
and the experimental testing conditions. The dissipation map can be 
used to predict cartilage dissipation capacity across wide ranges of 
loading frequencies and length scales. 

This study has a few limitations. The test conditions do not exactly 
represent in vivo conditions; however, DMA and stress relaxation tests 
provided dissipative and mechanical properties of cartilage at a 
macroscopic length scale, comparable to contact lengths in the native 
joints in vivo (Chan et al., 2016; Fukubayashi and Kurosawa, 1980), as a 
function of the solid matrix integrity. The dissipative responses of 
cartilage in this study, as well as in previous studies, were measured 
under small-amplitude oscillatory compression. Therefore, they cannot 
represent cartilage dissipation under large-amplitude oscillatory 
compression accompanying nonlinear behavior. While the predominant 
dissipation mechanism evaluated in this study is argued to be intrinsic 
VE dissipation, potential irreversible causes of energy loss that could 
contribute to the low phase angles include tissue reorganization and 
irreversible breaking of molecular bonds (Jung et al., 2015; Linka et al., 
2018). If present, these mechanisms would imply that damage occurs 
under physiological deformation in articular cartilage. The dissipation 
map across multiple length- and time-scales is composed of intact and 
GAG-depleted cartilage from large species (bovine and porcine carti
lage), and therefore it describes dissipative behavior of macroscale 
cartilage; the easy controllability of the sample size enables dynamic 
testing from micro-to macro-scales. Previous studies showed that GAG 
depletion of cartilage from small species (murine cartilage with micro
scale thickness) induces relatively low poroelastic peak values and small 
shifts of the peak frequencies in comparison to cartilage from large 
species (Azadi et al., 2016; Han et al., 2019; Nia et al., 2015); dissipation 
behavior of intact cartilage from small species was similar to that from 
large species. It was shown that the differences in GAG-depleted carti
lage dissipation responses were because the ability of GAG-depleted 
cartilage from small species to maintain the fluid pressurization and 
self-stiffening behavior is less strong than that from large species (Nia 
et al., 2015). Osteoarthritis-like cartilage damage was simulated by 
degrading the non-fibrillar matrix via the treatment of trypsin. Thus, the 
current results do not explain osteoarthritis accompanied by the 
degeneration of the collagen fibrillar matrix. 

5. Conclusions 

This study investigated dissipative and mechanical responses of 
intact and osteoarthritis-like cartilage at a macroscopic length in a 
previously unexplored high-frequency range. Different degrees of GAG 
depletion were induced via trypsin enzymatic digestion of cartilage. 
Under high-frequency loading consistent with traumatic impact, the 
energy dissipation of cartilage increased with the degeneration of the 
solid matrix and decreased with strain. An increase in cartilage dissi
pation capacity after GAG depletion was likely caused by increased 

viscoelastic dissipation. In addition, the resistance of cartilage to being 
deformed decreased with the degree of GAG depletion. Under quasi- 
static loading consistent with human beings at rest, GAG-depleted 
cartilage relaxed much faster and lost compressive strength in equilib
rium in comparison to intact cartilage. Sharply decreased relaxation 
times after the GAG depletion were thought to be mainly due to an 
increased diffusivity. These dissipative and mechanical properties 
measured at a contact length comparable to the native joints in vivo filled 
the knowledge gaps about dissipative and mechanical properties of 
intact and GAG depleted cartilage in an unprecedented high-frequency 
range. In particular, they lay the foundation for interpreting energy 
dissipation associated with cartilage failure as a function of the solid 
matrix integrity under traumatic injury and high-rate physiological 
loading. 
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