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SUMMARY 

The effect of indenter diameter and indentation depth on 

dynamic modulus of articular cartilage was investigated in 

this study. Slow sinusoidal indentation (1 Hz) was performed 

using two size indenters (⌀ = 1.0 and 3.17 mm) and two 

different maximum indentation depths (0.05 and 0.1mm). 

The dynamic modulus E* increased ~1.4X with a 2X 

increase in indentation depth--independent of indenter size. 

This can likely be explained by a combination of the known 

increase in cartilage stiffness with both depth and strain rate. 

With a ~3X increase in indenter diameter E* increased ~3X -

-independent of indentation depth. No ready explanation was 

formulated to date for this latter finding.  

 

INTRODUCTION 

To measure stiffness of articular cartilage many different 

experiments have been performed in recent years. Reported 

stiffness parameters (e.g moduli) vary over a wide range. 

These differences are due in part to use of different 

measurement methods; e.g. confined and unconfined 

compression or indentation with flat or spherical indenters. 

But even for indentation with a spherical indenter the spread 

is large (~0.1 – 2.6 MPa and up to 15 MPa) [1,2,3]. Modulus 

differences can be due to the use of different mathematical 

models, and different strain rates. Also, Hayes et al [4] 

mentioned that with a spherical indenter, and applying a 

fixed force, a smaller diameter indenter results in a larger 

indentation depth. Conversely, if a fixed indentation depth is 

used, the resulting force is smaller with a smaller indenter. 

We investigated the effect of indenter diameter and 

indentation depth on dynamic modulus of articular cartilage.  

 

METHODS 

Cylindrical osteochondral plugs of 7.6 mm in diameter were 

obtained from the knee joint of nine month old swine. Plugs 

were harvested from the medial and lateral condyles.  

 

A mm-scale dynamic indentation method was used. Slow 

sinusoidal indentation (1Hz) was performed with a Synergie 

100 (MTS Systems, USA) equipped with a 2.5N loadcell 

(8432, Burster GmbH & Co, DE). The indentation 

measurements were performed with two different size 

indenters (diameter: 1.0 & 3.17 mm) and two different 

maximum indentation depths (0.05 & 0.1 mm). The dynamic 

modulus (E*) was calculated from the force-displacement 

data using Equation 1[5]:  
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Where ν=Poisson’s ratio, P=force, r=indenter radius and 

α=indentation depth. A ν of 0.44 was assumed.  
 

RESULTS AND DISCUSSION 

As shown (Figure 1) for each indenter (⌀ = 1.0 and 3.17 mm) 

the dynamic modulus at an indentation depth of 0.10 mm 

was ~1.4X times higher than for 0.05 mm depth. Also, for 

either fixed indentation depth (0.05 or 0.10 mm), the 

dynamic modulus of the articular cartilage was ~3X higher 

when measured with the ~3X larger indenter (⌀ = 3.17 mm).  

 

 
Figure 1: Effect of indenter diameter and indentation depth 

on dynamic modulus E* of fresh swine articular cartilage. 
 
The ~1.4X difference in modulus for the two indentation 

depths might be partly explained by the fact that the 

structure of articular cartilage is not uniform with depth. It is 

well established that as a result, the mechanical properties of 

cartilage are depth dependent. The superficial layer is less 

stiff than the middle and deep zones [6]. Cartilage is the 

softest at the surface and gets stiffer closer to the 

subchondral bone. Thus a measurement probing deeper into 

cartilage could be expected to produce higher modulus 

values. In addition, since the frequency used was 1 Hz in 

every experiment, the strain rate increased with indentation 

depth. For the 0.1 indentation depth the maximum speed of 

indentation was twice as high as for the 0.05 indentation. 

Park et al. [7] showed that the cyclic compressive dynamic 

modulus increases with frequency and thus with strain rate. 

 

 

 



The authors found the ~3X increase in E* modulus with a 

~3X increase in indenter diameter more difficult to explain. 

In seeking an explanation it was noted that at a given 

indentation depth, with a bigger indenter, a larger volume of 

cartilage is displaced, and it seems this would require more 

energy. Although it is appealing to note that the modulus is 

~3X higher for a ~3X larger indenter diameter, the volume 

displaced by the larger indenter for a given depth is ~9X 

greater. In addition, both displacements occur in the same 

amount of time. Thus, it seems likely there is not only a 

difference in energy expenditure involved but also a 

difference in power--energy per unit time. 

 

In order to explore the effect on E* of not only the change in 

the volume displaced by different sized indenters, but also 

the effect of the time in which this occurs, the following 

calculation was made. The gross volumetric displacement 

rate was calculated by dividing the maximum volume of 

cartilage displaced by the indenter by the total time the 

indentation lasted. The dynamic modulus E* was then 

plotted as a function of volumetric displacement rate for the 

four experimental conditions (Figure 2).  

 

 
Figure 2:  Dynamic indentation modulus E* as a function of 

the gross volumetric displacement rate (maximum volume 

displaced, divided by total time of indentation).  

 

As shown, there appears to be an approximately linear 

relationship between dynamic modulus E* and the total 

volume of cartilage displaced per unit of time (linear 

regression analysis: R
2
: 0.8776, p-value: <0.001). The 

relation holds over a range of ~20X (~0.004 to ~0.08 

mm
3
/s). At the time of this writing we had not found a 

physical explanation for the striking relationship between the 

E* modulus and the volumetric deformation rate. The matter 

is under consideration, and the authors welcome suggestions 

from the cartilage mechanics research community. 

 
CONCLUSIONS 

Under the conditions of these dynamic indentation 

experiments, the dynamic modulus E* increased ~1.4X with 

a 2X increase in indentation depth--independent of indenter 

size. This can likely be explained by a combination of the 

known increase in cartilage stiffness with both depth and 

strain rate.  

In addition, E* increased ~3X with a ~3X increase in 

indenter diameter--independent of indentation depth. No 

ready explanation was formulated to date for this latter 

finding. However, a striking essentially linear relationship 

was found to hold over a ~20X range for all four 

experimental conditions between E* and the gross 

volumetric rate of cartilage displacement. A physical 

explanation for this finding has not yet been formulated.   

 

ACKNOWLEDGEMENTS 

Thanks to H.-J. Wyss for the funds donated to University 

Basel which provides the first-author's graduate research 

stipend.  

 

REFERENCES 

1. Töyräs J. et al., Journal of Biomechanics, 34, 251-256, 

2001 

2. Stolz M. et al., Biophysical Journal, 86, 3269-3283, 

2004 

3. Lyyra-Laitinen T. et al., Physics in Medicine & Biology, 

44, 2511-2524, 1999 

4. Hayes W.C. et al., Journal of Biomechanics. 5, 541-551, 

1972 

5. Kren AP, et al. International Polymer Science and 

Technology, 32, 19-23, 2005 

6. Schinagl R.M. et al., Journal of Orthopaedic Research, 

15, 499-506, 1997 

7. Park S, et al. Osteoarthritis and Cartilage, 12, 65-73, 

2004 

 


