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Biomechanical Topography of Human Ankle Cartilage 
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Abstract--The material properties of normal cadaveric human 
cartilage in the ankle mortice (tibiotalar articulation) were eval- 
uated to determine a possible etiologic mechanism of cartilage 
injury of the ankle when an obvious traumatic episode is not 
present. Using an automated indentation apparatus and the bi- 
phasic creep indentation methodology, creep indentation exper- 
iments were performed in five sites in the distal tibia, one site in 
the distal fibula, and eight sites in the proximal talus of 14 human 
ankles (seven pairs). Results showed significant differences in 
the mechanical properties of specific human ankle cartilage re- 
gions. Topographically, tibial cartilage is stiffer (1.19 MPa) than 
talar cartilage (1.06 MPa). Cartilage in the anterior medial por- 
tion of the tibia has the largest aggregate modulus (H A = 1.34 
MPa), whereas the softest tissue was found to be in the posterior 
lateral (0.92 MPa) and the posterior medial (0.92 MPa) regions 
of the talus. The posterior lateral ridge of the talus was the 
thickest (1.45 mm) and the distal fibula was the thinnest (0.95 
mm) articular cartilage. The largest Poisson's ratio was found in 
the distal fibula (0.08). The lowest and highest permeability 
were found in the anterior lateral regions of the astragalus 
(0.80 x 10-15 m'*N- ~sec - i) and the posterior medial region of 
the tibia (1.79 x 10-15 m4N - i se  c -  1), respectively. The ante- 
rior and posterior regions of the lateral and medial sites of the 
tibia were found to be 18-37% stiffer than the anatomically 
corresponding sites in the talus. The biomechanical results may 
explain clinically observed talar dome osteochondral lesions 
when no obvious traumatic event is present. Cartilage lesions in 
a repetitive overuse process in the ankle joint may be related to 
a disparity of mechanical properties between the articulating sur- 
faces of the tibial and talar regions. 

KeywordsmTibiotalar joint, Articular cartilage, Material prop- 
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INTRODUCTION 

The tibiotalar or ankle joint has been described as a 
mortice and pestle-like articulation (Fig. 1). The tibial 
mortice is created by the tibiofibular complex with the 
medial malleolus and fibula forming the sides of  the mor- 
tice of  the ankle. The talus is covered with over 75% 
hyaline cartilage and receives its blood supply through 
ligamentous insertions. The tibiotalar mortice has an inti- 
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mate articulation producing joint stability. The posterior 
portion of  the talus is narrower in the medial-lateral plane 
than that anterior-posterior. This anatomy dictates that im- 
mobilization of  the ankle be performed in neutral position 
such that the widest portion is articulating with the tibial 
mortice. Both ligamentous and bony attachments provide 
inherent joint stability with muscular control compensat- 
ing for ligamentous injuries. 

Damage to the articular surfaces of  the ankle joint is 
less common than that of  the knee or hip, but is equally 
disabling. The human ankle is afflicted with many patho- 
logic degenerative processes, which are mostly manifested 
in the talus. These pathologic changes are usually associ- 
ated with transchondral fractures of  the talus, osteochon- 
dritis dissecans of  the talus, and osteoarthritis of  tibial and 
talar surfaces usually secondary to trauma. 

Nonidiopathic ankle osteoarthritis has been related to 
fracture, malalignment, or the aging process. In general, 
degenerative changes of  articular cartilage are thought to 
be associated with biomechanical (1,9,12,22,28),  bio- 
chemical (14,22,28), or pathological (18,22) factors. Al- 
tered joint mechanics, such as a mechanical insult or low- 
level repetitive insult, may lead to osteoarthritis (18) or 
other types of  degenerative changes. In the human hip for 
example, degenerative changes occur most frequently in 
the inferior aspects of  the femoral head and in the superior 
aspect of  the acetabular dome and are thought to be due to 
a disparity in biomechanical properties of  the articulating 
surfaces (4). Progressive changes consistent with osteoar- 
thritis were observed in the operated knee and hip o f  
guinea pigs after altering their gait and weight-bearing (2). 
Comparisons of  articular cartilage of  the human femoral 
head of  the hip and the talus of  the ankle have indicated 
that, as patient age increases, the incidence of  osteoarthri- 
tis occurring in the hip and knee joints increases, whereas 
osteoarthritis rarely occurs in the ankle except as second- 
ary to a traumatic episode (15). In the ankle, anterior 
osteophytes of  the talus and tibia are frequent early signs 
of  tibiotalar cartilage degeneration. 

Osteochondritis dissecans of  the talus has been defined 
as a subchondral lesion of  a small bone fragment where 
the overlying cartilage is intact or fractured (25). Conse- 
quently, this fragment becomes separated from the sur- 
rounding bed and becomes loose within the affected joint 
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FIGURE 1, Anatomical drawing of tibiotalar joint. Test sites 
examined are depicted by open circles. 

(25). Many theories regarding the cause of osteochondritis 
dissecans have been proposed including vascular, trau- 
matic, hereditary, and constitutional factors. The postero- 
medial and anterolateral aspects of the talus are the most 
frequent sites of osteochondritis dissecans (25). Tran- 
schondral fractures have been implicated as a possible 
traumatic etiology of osteochondritis dissecans with well- 
defined mechanisms of injury. 

Transchondral fractures of the talus (6) occur most fre- 
quently in the anterolateral or mid- and posteromedial por- 
tions of the talar dome (27) and secondary to trauma in the 
anterolateral or posteromedial area of the talus (8). Gen- 
eralized mechanisms of injury have been defined and 
widely accepted (6). For instance, the anterolateral portion 
is injured with inversion and dorsiflexion, whereas the 
posteromedial region is injured with plantarflexion and 
eversion. These events should be defined as macrotrau- 
matic events such as ankle sprain or fracture-subluxation/ 
dislocation. Interestingly, one clinical study has shown 
posteromedial lesions to have no traumatic event in ap- 
proximately one-half of cases (29). 

Biomechanically related factors that lead to cartilage 
damage or degeneration have been shown to include in- 
creased stresses on the cartilage (1,12), low-contact or 
noncontact (loading) regions on the joint surface (5,7), or 
use and disuse of certain portions of the joint (10). The 
conclusion these studies have made is that when the nor- 
mal mechanical environment of the articular cartilage sur- 
face is altered, degenerative changes are observed. 

In a previous study, the cartilage biomechanics of the 
radiocapitellar joint were investigated, and a mechanism 
for osteochondritis dissecans affecting the humeral capi- 
tellum was proposed (26). It was found that significant 
differences exist in the mechanical properties and thick- 
ness of cartilage topographically in the capitellum and 
radial head, and between the two surfaces. Specifically, 
the compressive stiffness of the articular cartilage of the 
midradial head (0.62 MPa) and the midlateral capitellum 
(0.76 MPa) were significantly different, which may intro- 
duce mechanical mismatches leading to increased strain in 
the lateral capitellum (26). As a result, the increased strain 
may be a factor in the initiation and localization of the 
dissecans lesion observed in osteochondritis dissecans of 
the elbow during high valgus-stress activities such as 
throwing. Furthermore in a study of the human hip, the 
acetabular and femoral head cartilage show significant 
mismatches in mechanical properties, which correspond 
with sites of frequent pathological degeneration (4). For 
example, the superomedial aspect of the femoral head has 
an aggregate modulus (1.82 MPa), which is 41% higher 
than that of the superomedial portion of the acetabulum 
(1.28 MPa). These observations led us to investigate the 
ankle joint and determine whether similar mechanical mis- 
matches exist there. 

The goal of this study was to biomechanically evaluate 
the articulating surfaces of the normal ankle topographically 
(tibia, talus, fibula) in order to identify possible mechanisms 
for the observed pathologic conditions affecting the ankle. 
The intrinsic material properties (aggregate modulus, HA; 
Poisson's ratio, vs; permeability, k; and shear modulus, P,s) 
of articulating cartilage in the distal tibia, proximal talus, and 
distal fibula were obtained and compared. 

Clinically, patients have been observed to have antero- 
lateral and posteromedial osteochondritis dissecans lesions 
with no history of trauma and no obvious injury other than 
aerobic activities (16). Although not proven in this study, 
it may be possible that with repetitive compression activ- 
ities (pounding sports, jogging), osteochondritis dissecans 
lesions may result due to a biomechanical cartilage mis- 
match. The experimental protocol was designed specifi- 
cally to evaluate clinically significant pathologic areas of 
the human tibia and talus. 

MATERIALS AND METHODS 

Fourteen paired fresh-frozen human cadaveric ankles 
(seven left and seven right) were tested. Four subjects 
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were female, and three were male. The average age was 
51 years (range, 18-82 years). The gender and ages of 
the subjects were: female (50 years), female (18 years), 
male (72 years), female (82 years), male (68 years), fe- 
male (38 years), and male (28 years). After shipment of 
frozen specimens to us, they were immediately placed at 
-80~ until time of disarticulation and specimen prepa- 
ration. 

Before dissection, each ankle was thawed (normal sa- 
line containing protease inhibitors: N-ethyl malemide, 10 
mM; benzamidine HC1, 5 mM; EDTA, 2 mM; and PMSF, 
1 mM) at room temperature for 12 hr. The preparation and 
testing of specimens required two freeze-thaw cycles, 
which are not believed to affect the tissue's intrinsic ma- 
terials properties (4,13,19). The soft tissue of the ankle 
was removed, and dissection of the ankle was performed 
using a band saw under continual irrigation (Fig. 2). With 
the specimens thawed, an anterior midline incision was 
performed to remove all soft tissues surrounding the foot 
and ankle joint except for ligamentous and capsular struc- 
tures. Thereafter, the tibiotalar joint was incised circum- 
ferentially, and the proximal ankle mortice (tibia and fib- 
ula) were osteotomized into six specimens. Top portion of 
Fig. 3 shows the locations of these osteochondral speci- 
mens: anterior lateral (AL), anterior medial (MA), medial 
malleolus (MM), posterior medial (PM), and posterior lat- 
eral (PL). The central portion of the distal fibula (FI) was 
also studied. Thereafter, the talus was osteotomized into 
eight respective segments in a midaxial position without 
injuring the subtalar, tibiotalar, or talonavicular articulat- 
ing surfaces. The sections of each talar dome (also known 
as astragalus [a]) are shown in the bottom portion of Fig. 
3: anterior lateral (aAL), central lateral (aCL), posterior 
lateral (aPL), side lateral (aSL), anterior medial (aAM), 
central medial (aCM), posterior medial (aPM), and side 
medial (aSM). Specimens were wrapped in gauze soaked 
in normal saline and stored at -80~ in double sealed 
plastic bags until time of testing. 

An automated creep indentation apparatus (3,4) was 
used to quantify the in situ creep and recovery deformation 
behavior of each osteochondral specimen. All articular 
surfaces were morphologically examined grossly using the 
India ink staining technique to identify normal areas for 
indentation tests (21). The extent of degenerative changes 
observed in the ankle was minimal to none, although it 
should be pointed out that surface fibrillation is sometimes 
difficult to detect using the India ink staining technique. In 
this specimen population, there was no India ink staining 
evidence of any gross damage, nor of any grossly identi- 
fiable lesions of osteoarthritis. A total of 196 osteochon- 
dral specimens were tested. The testing apparatus was able 
to load and unload the cartilage specimen automatically 
through a closed-loop control system. To test, each osteo- 
chondral specimen was thawed for half an hour in normal 
saline containing protease inhibitors and then attached 

FIGURE 2. (a) A photograph of a typical dissected ankle. (b) A 
close-up photograph of the exposed joint, where the tibiotalar 
articulation is clearly seen. 

with cyanoacrylate cement to a sample holder. A fiberop- 
tic positioning system in line with the loading shaft emit- 
ted light on the section of the articular surface to be tested. 
The sample holder was then positioned with a spherical 
joint and lead screw assembly, until the reflected light 
indicated that the loading shaft was normal to the cartilage 
surface. This procedure was accomplished within 20 sec. 
A tare load of 0.03 N was then applied with a 1.5 mm 
diameter, flat-ended, cylindrical rigid, porous indenter 
tip, and the tissue was allowed to reach tare creep equi- 
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FIGURE 3. On the top, the distal tibial surface shows the dis- 
section areas of the six specimens based on anatomical posi- 
tion. On the bottom, the talar dome surface shows the dis- 
section areas of the eight specimens based on anatomical 
position. 

librium. Equilibrium was automatically determined when 
the slope of the creep curve became smaller than 
1 x 10 -6  mm sec -1.  Once creep equilibrium was 
reached, the tissue was loaded with a step force of 0.16 N. 
The tissue's deformation was monitored with a linear vari- 
able differential transformer, LVDT, using a computer- 
based data acquisition system at a 0.25-1xm deformation- 
resolution. Data points were collected and plotted on the 
screen every 2.5 lxm or every 100 sec, whichever occurred 
first. Data acquisition and control software were written 
using an icon based environment (4). The frictional resis- 
tance of the system was reduced with air bearings to less 
than 9.81 x 10 - 4  N. The bearings were driven with pres- 
surized air (552 kPa) and cleaned with a 5-1xm particle 
filter and two 0. l-p.m coalescing filters. The creep re- 
sponse of the specimen under the step force was monitored 
until equilibrium (slope < I x  10 - 6  m m  sec-] ) .  At this 
point, the force was automatically removed, and the re- 
covery phase began. When recovery equilibrium was 

achieved, data acquisition stopped and the thickness of the 
tissue at each test site was measured using a needle at- 
tached to a LVDT and a force transducer. Overall, the 
automated creep indenter yielded the creep and recovery 
deformational behaviors of each osteochondral specimen 
in response to a 0.16 N step load. 

The creep indentation problem of articular cartilage, 
under a frictionless, porous, rigid, tip used to apply a step 
load, was solved using the linear KLM biphasic theory 
(24) by Mak and associates (17). Mow and colleagues 
have developed a numerical algorithm to curve-fit the in- 
dentation data using a bicubic spline function, which rep- 
resents the "master  solut ion" of the problem (23). 
Briefly, a numerical tabulation of the master solution was 
listed, and from this all other solutions can be obtained 
using a similarity principle. It was shown that these solu- 
tions can be acquired by simply shifting the master solu- 
tions along the log-time axis (23). The described solution 
scheme allows simultaneous computation of the three in- 
trinsic properties of soft hydrated tissues: the aggregate 
modulus--H a (measure of compressive stiffness); Pois- 
son's ratio---Vs, (apparent compressibility); and perme- 
ability--k. This methodology has been used with the creep 
indentation experiment to successfully obtain the intrinsic 
material properties of articular cartilage (3-5,23,26). In 
this study, the methodology was used to obtain the in situ 

intrinsic material properties and their topographical vari- 
ations in the tibia, talus and fibula. The shear modulus, 
Ixs, was calculated from the aggregate modulus, H A, and 
Poisson's ratio, v~, using the following equation: 

HA (1 -- 2us) ~s=T" ( 1 - v j  

Donor variability and the effects of  location, side 
(right; left), site (posterior; side; central; anterior; malle- 
olus), structure (tibia; fibula; talus) on the material prop- 
erties, thickness, creep equilibrium time, recovery equi- 
librium time, and percent recovery were examined using 
analysis of variance (ANOVA). Fisher's Least Significant 
Difference (FLSD) multiple comparisons test of the means 
was applied when the F-test in ANOVA was significant. 
The Student's t test was performed to look at the differ- 
ences between anatomic structures, sides, and gender. The 
statistical significance level was set at p < 0.05 for all 
tests. 

RESULTS 

The mean • standard deviation values of  the intrinsic 
material properties (H A, v s, k, I&) and thickness (h) of 
articular cartilage in the distal tibia and proximal talus are 
shown in Tables 1 and 2, respectively. Statistical analyses 
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TABLE 1. Mater ia l  properties and thickness (mean • standard deviation) of articular carti lage in the distal t ibia of 
human ankle. 

701 

H A k x 10 TM i~s h 
Location (MPa) vs (m4N - l se c -  1) (MPa) (ram) 

AL (n = 14) 1.20 --- 0.25 0.02 • 0.04 1.55 • 1.79 0.59 --- 0.13 1.30 • 0.25 
MA (n = 14) 1.34 • 0.58 0.03 • 0.06 1.41 • 2.23 0.65 • 0.30 1.23 +- 0.27 
M M  (n = 14) 0.94 ... 0.36 0.04 • 0.08 0.93 -- 0,84 0,45 --- 0.17 0.97 • 0.16 
PM (n = 14) 1.23 • 0.33 0.03 +- 0.07 1,79 • 2.24 0.60 • 0.17 1.20 • 0.29 
PL (n = 14) 1.26 • 0.31 0.00 -+ 0.01 1.56 • 1.74 0.63 +- 0.15 1.21 • 0.25 
FI (n = 14) 1.14 • 0.48 0.08 • 0.08 1.32 • 2.21 0,52 • 0.24 0.95 • 0.17 

showed significant differences in certain biomechanical 
properties topographically in the tibia and talus, and be- 
tween the articulating surfaces. Cartilage in the MA por- 
tion of the tibia had the largest aggregate modulus 
( H  A = 1.34 MPa). The softest tissue was in the aPL (0.92 
MPa) and aPM (0.92 MPa) regions of the talus. Overall, 
tibial cartilage was slightly stiffer (p = 0.09) than talar 
cartilage (1.19 v e r s u s  1.06 MPa). The posterior aspects of 
the tibia combined together were stiffer than the posterior 
aspects of the talus (1.25 v e r s u s  0.92 MPa). No statistical 
differences were shown between the aggregate moduli of 
male v e r s u s  female specimens, between left v e r s u s  right 
specimens, or between medial v e r s u s  lateral specimens. 

The largest Poisson's ratio, a measure of the tissue's 
apparent compressibility, was in the FI (v s = 0.08). Sta- 
tistical differences were found between the Poisson's ratio 
of male (0.01) v e r s u s  female (0.04) specimens. Fibular 
specimens had a significantly higher Poisson's ratio (0.08) 
than both tibia and talar structures (0.02 and 0.02, respec- 
tively). Overall, the mean Poisson's ratio of the malleolar 
sites was significantly higher than the central, side, and 
posterior sites. Furthermore, the Poisson's ratio of the 
anterior sites (AL, MA, aAM) was significantly higher 
than the side sites (aSM, aSL) or posterior sites (PM, PL, 
aPL, aPM). 

The aAL regions were found to be the least permeable 
(0.80 • 10- 15 m4N- lse c -  i), whereas the PM region of 
the tibia was found to be most permeable (1.79 • 10-~5 
m4N- lse c -  1). Statistical differences were also found be- 
tween the permeability of male (0.80 maN - lsec-  l) v e r -  

s u s  female (1.56 m4N - I sec- l )  specimens. The highest 

shear modulus was in the MA region of the tibia (0.65 
MPa), whereas the lowest shear moduli were in the MM 
regions of the tibia (0.45 MPa) and the aMP regions of the 
talar dome (0.45 MPa). 

The thickest and thinnest tissues were in the aPL ridge 
of the talus (1.45 mm) and the FI (0.95 mm), respectively. 
A significant difference in cartilage thickness was found 
between male (1.40 mm) v e r s u s  female (1.02 mm) spec- 
imens. Grouped into sites, the posterior, central and an- 
terior sites were found to be significantly thicker than the 
malleolus region. 

The overall recovery rate (95 --- 5.6%) was high thus 
indirectly verifying the India ink staining results that in- 
deed only apparently normal surfaces were tested. For 
each structure (tibia, talus and fibula) and overall, the 
creep time was significantly larger than the recovery time 
(the overall mean creep time was 2394 • 1411 sec and 
the mean recovery time was 1664 • 843 sec). In this 
study, the creep equilibrium time under the same tare load 
varies from 983 to 3805 sec indicating that an a p r i o r i  

assumed fixed amount of time under the tare load, test 
load or recovery equilibrium, may be insufficient for ar- 
ticular cartilage to achieve creep equilibrium (4). Conse- 
quently, equilibrium time for tare load, test load, and re- 
covery should be determined using slope-based criteria. 

DISCUSSION 

Although, osteoarthritis in the ankle is not as common 
as in the hip or knee (15), this joint develops degenerative 
changes which may be secondary to traumatic episodes or 

TABLE 2. Mater ia l  properties and thickness (mean _+ standard deviation) of articular cart i lage in the proximal  talus of 
human ankle. 

H A k • 1015 P,s h 
Location (MPa) vs (mAN - lse c -  1) (MPa) (mm) 

etAL (n = 14) 1.02 --- 0.36 0.06 -+ 0.08 0.80 • 0.65 0.47 • 0.17 1.01 --- 0.31 
c=CL (n = 14) 1.21 • 0.39 0.02 • 0.05 0.96 -+ 0.51 0.59 • 0.19 1.17 • 0.27 
~tSL (n = 14) 1.08 • 0.42 0.00 • 0.01 0,98 • 0,39 0.54 • 0.21 1,14 --- 0.23 
~PL (n = 14) 0.92 • 0.33 0.00 • 0.00 1.05 • 0.67 0.46 +- 0.16 1.45 • 0.42 
~PM (n = 14) 0.92 -+ 0.36 0.02 • 0.05 1.18 • 1.39 0.45 • 0.18 1.31 +- 0.26 
or (n = 14) 1.25 • 0.51 0.00 --- 0.01 1.17 ... 0.38 0.63 --- 0.26 1.31 • 0.33 
c=SM (n = 14) 1.05 • 0.29 0.02 • 0.05 1.64 • 2.37 0.52 • 0.15 1.18 +- 0.24 
otAM (n = 14) 1.01 • 0.47 0.04 • 0.05 0.94 --- 0.62 0.48 --- 0.24 1.17 • 0.34 
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osteochondritis dissecans in both the talar and tibial sur- 
faces. The intrinsic material properties between the artic- 
ulating surfaces of normal cadaveric human ankle carti- 
lage were determined at various locations to examine 
whether the site-specificity of cartilage degeneration of the 
ankle could be related to a disparity in the material prop- 
erties. The results indicate that significant topographical 
variations exist in cartilage material properties and thick- 
ness, especially in the tibia and the talus. These biome- 
chanical results may suggest that clinically observed inju- 
ries or pathologies occurring in specific portions of the 
joint may correspond with mismatches in cartilage me- 
chanical properties. Dissimilar strain fields are produced 
by a disparity in the mechanical properties between two 
articulating surfaces. As a result, one side of the articular 
surface is exposed to a more strenuous mechanical envi- 
ronment. Consequently, degenerative changes on one side 
of the joint surface may be accelerated due to the larger 
strain fields. 

Significant differences were found in the material prop- 
erties among the three structures. Tibial cartilage was 
stiffer than talar cartilage. Fibular cartilage had a larger 
Poisson's ratio than tibial and talar cartilage, which indi- 
cates a propensity for more fluid transport through the 
solid matrix of the tibial and talar cartilage (5). 

In anatomical position, the significantly softer aPM ar- 
ticulates with the stiffer PM. Although speculative, it is 
possible that pathological changes in the posteromedial 
aspects of the talus may be initiated by a disparity in 
cartilage mechanical properties. Our results show no dif- 
ferences in stiffness between the anterolateral talar and 
tibial articulation, or the medial talar dome and the mid- 
portion of the tibia. These findings agree with clinical 
observations that localized osteochondritis dissecans of 
the medial dome of the talus is probably secondary to 
avascular necrosis and not due to a mechanical mismatch 
of the articulating cartilages. Transchondral fractures in 
the anterolateral portion are due to inversion and dorsi- 
flexion of the ankle which impacts the lateral aspect of the 
talus against the articular surface of the fibula. Similarly, 
ankle trauma in plantarflexion and eversion can result in a 
transchondral fracture in the posteromedial talus as well. 
Frequently, however, no history of trauma is present with 
lesions in this position. From our results, an additional 

mechanism of mechanical mismatch may be responsible 
for some of the "osteochondritic" lesions present in the 
posteromedial aspect of the talus in those patients with no 
history of trauma as described by Canale (29). It is pos- 
sible that a "grinding mechanism" (20), may be gener- 
ated between two articulating surfaces, as a result of a 
mismatch in the compressive modulus, which may con- 
tribute to abrasion (4). Such a mismatch may affect joint 
lubrication and accentuate the detrimental effects of trans- 
articular impact loads on cartilage degeneration. 

Although only six male and eight female ankles were 
tested in this study, cartilage of all female specimens 
grouped together is 94% more permeable, has 63% higher 
apparent compressibility, and is 27% thinner than male 
cartilage. However, no difference in the aggregate mod- 
ulus means for the two genders was found. Previous re- 
ports on the mechanical properties of the hip found no 
statistically significant differences in the mechanical prop- 
erties of articular cartilage between male and female spec- 
imens (4). More studies to examine the effect of gender on 
mechanical properties need to be undertaken to elucidate 
any differences. 

As seen in Table 3 and Fig. 4, the material properties 
and thickness of human ankle articular cartilage differ 
from those found in the elbow (26), hip (4), and knee (5). 
Specifically, the aggregate modulus of ankle cartilage was 
8% lower than that in the hip and 39% and 85% higher 
than that in the elbow or knee, respectively. Hip cartilage 
was twice as stiff as the knee. Similar results were ob- 
tained for the shear modulus. These differences in aggre- 
gate and shear moduli of the various joints are indicative 
of the different mechanical environments and functional 
requirements of these joints. Human articular cartilage in 
the knee was twice as thick as the ankle, elbow, or hip. No 
statistical significant differences were found in the Pois- 
son's ratio of these four joints. The Poisson's ratio of 
human articular cartilage obtained in the ankle as well as 
in the hip (4), elbow (26), and knee (5) were significantly 
lower than the Poisson's ratio values of animal cartilage in 
the hip (monkey, cow, and dog) (3) and knee (cow, dog, 
monkey, and rabbit) (5). This indicates that the apparent 
compressibility of human articular cartilage is signifi- 
cantly higher than cartilage from the animals tested. In 
earlier reports, Poisson's ratio values ranging from 0.3 to 

TABLE 3. Comparison of material properties and thickness (mean _+ standard deviation) of human ankle, elbow, hip, and 
knee cartilage. 

k • 10 is t~s h 
Jo in t  vs (m4N - lse c -  1) (MPa) (mm) 

Ankle (n = 196) 0.03 -+ 0.05 1.23 -+ 1.47 0.54 -+ 0.21 1.18 -+ 0.29 
Elbow (n = 132) 0.07 -+ 0.08 1.29 _+ 1.04 0.37 _+ 0.13 1.13 -+ 0.31 
Hip (n = 140) 0.05 -+ 0.06 0.90 -+ 0.54 0.57 -+ 0.30 1.34 -+ 0.38 
Knee (n = 14) 0.06 -+ 0.07 1.45 -+ 0.61 0.28 _+ 0.07 2.63 -+ 1.04 

For aggregate modu lus  values, refer to Fig. 4. 
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FIGURE 4. Comparison of cartilage aggregate modulus (com- 
pressive stiffness) of hip (4), ankle, elbow (26), and knee (5). 
Underline below graph connect mean values which have no 
statistically significant differences. 

0.4 were given for human cartilage (11,13). In our stud- 
ies, we found it to be closer to zero. For humans, the least 
permeable cartilage was in the hip, and the most perme- 
able cartilage was in the knee (p < 0.05). The results of 
this study show that relatively smaller differences in car- 
tilage material properties are seen topographically in the 
ankle than in the knee or hip (3-5).  This is in agreement 
with Kempson ' s  study (15), where it is postulated that 
osteoarthritic changes are significantly rarer in the ankle 
than in the hip or knee joints.  These differences may be 
explained by the fact that the mismatches observed in the 
ankle are less pronounced than in the hip and knee. 

In conclusion, the results reported in this study dem- 
onstrate significant topographical differences in the me- 
chanical properties of  human ankle cartilage. Although the 
objective of  this study was not to quantitatively correlate 
biomechanical  disparities to pathological cases, we can 
nevertheless hypothesize as to the mechanical causes un- 
derlying clinically observed problems,  especially osteo- 
chondritis dissecans affecting the posteromedial  portion of 
the talus (29). This new information adds to our knowl- 
edge of ankle biomechanics,  and may provide new in- 
sights in human ankle pathophysiology as related to me- 
chanical factors. 
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