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LOAD BEARING CHARACTERISTICS OF THE 
PATELLO-FEMORAL JOINT 

LARRY s. hIATTIIEWS, DAVID A. SON.STEGARD & JOHN A. HENKE 

Section of Orthopaedic Surgery, University of Michigan Medical Center, 
Ann Arbor, Michigan, USA. 

This study of normal patello-femoral biomechanics defines some func- 
tional specifications which may be useful in future total knee pros- 
thesis design. Serial lateral X-rays of 15 fresh knees and their patellar 
mechanisms at several flexion angles provided definition of the 
direction of the resolved patello-femoral forces. Assuming that the 
patella acts as a frictionless pulley, the magnitude of the patello- 
femoral forces during several activities was calculated using data from 
Morrison (1970) and Smidt (1973). It ranged between 421 and 3420 
newtons for the various activities and for isometric exercise. 9 
methylene blue contact print technique was used to measure the 
bearing areas. These data indicate that between 13 and 38 per cent of 
the patellar surface bears joint loadings. Patello-femoral contact 
stresses were calculated to range from 1.28 to 12.6 N/mmz. A 696 new- 
ton man climbing stairs would, for example, generate a patello-femoral 
force of 1754 newtons and would experience patello-femoral contact 
stresses between 3.73 and 6.87 N/mm2. Stress values were equal to o r  in 
excess of anticipated tibial-femoral stresses. The high patello-femoral 
load values, the small bearing surfaces, and the consequent significant 
stress magnitudes indicate the need for caution in development of a 
patello-femoral joint prosthetic replacement. 

Keg words: biomechanics; knee joint; knee joint forces; patella; 
prosthesis 
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Most available total knee joint prostheses 
treat only the tibial-'femoral portion of the 
knee joint. Residual pathology at the 
patello-femoral articulation may detract 
from the expected relief of pain after 
these procedures. Rational design con- 
sidcrations in the development of a pros- 

This paper was presented in part at the 1975 
meeting of the Orthopaedic Research Society in 
San Francisco, California. 

thesis which addresses this problem re- 
quire knowledge not only of the anatomy 
of the joint, but also of the functional 
stresses normally present across the 
bearing surfaces. Although considerable 
information is available regarding the 
anatomy, biomechanics, and pathology of 
the patello-femoral articulation, we were 
unable to find adequate published ex- 
perimental values for patello-femoral 
contact areas and for contact stresses at 
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this articulation during normal activities. 
This study was initiated to define Ihese 
quantities which may be useful in the 
development and pre-clinical testing of 
prostheses designed to treat this articula- 
lion. 

lllATERIALS AND METHODS 

Quantification of patello-femoral contact stresses 
depends upon the force norma1 to the touching 
articular surfaces and upon the area of contact 
itself. Fifteen fresh grossly normal cadaver 
lower limbs were minimally dissected. Metallic 
markers were placed at  the centers of the in- 
sertions of the patellar tendon on the tibia and 
patella, at the center of the insertion of the 
quadriceps mechanism on the superior pole of 
the patella, and at  the center of the quadriceps 
musculotendinous junction, approximately 6 cm 
ahove the patella. The extensor mechanism was 
manually pre-tensioned and lateral roentgeno- 
grams made at 15-degree increments from full 
extension to full flexion. 

The knee joint angle, a, was determined by 
drawing lines along the central axes of the tibia 
and femur (Figure 1 A ) .  Lines connecting the 
two metallic markers in the patellar tendon and 
in the quadriceps aponeurosis, respectively, de- 
fined an angle, p (Figure 1 B), the patellar 
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Figure 2. l h e  relationship between the knee 
flexion angle and the patellar mechanism angle. 

mechanism angle. The relation\hip between a and 
p (Figure 2) was plotted and subjected ttr 
exponential, power series, and linear rcgre4sion 
analysis. The latter provided the best data fit 
and this relationship was used in the remainder 
of the study. 

If quadriceps force, F,. ic  assumed to he 
sustained equally hy the quadriceps aponeurosis, 
patella, and the patellar tendon; and if the 
patellar mechanism angle, p, is known, the 
normal patellar contact force, the force of thc 
patella against the distal femur, FBP, may hc 
calculated to the equation, Fpf = 2 F sin p / 2  
(Figure 3) .  

Morrison (1970a and h) has reported maxi- 
mum quadriceps forces and associated knec 
flexion angles for five activities-level walking, 
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Figure I .  Radiographic method of determination 
o f  knee f lex ion angle, a, and patellar mechan- 
ism angle, p. 
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Figure 3. Method of calculation of pafello- 
femoral force. 
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Figure 6 .  Typical 
photographs of specimens. 
A .  d single contact urea 
ut 30" knee f lex ion.  
11. The number o f  contact 
arpii t lderminations that 
w c r c  possible f o r  onp 
s p w i m e n  is shown. 

walking up and down a one to six ramp, and 
going up and down stairs. Similar isometric 
cliiadriccps forces a t  defined knee flexion angles 
h a w  been reported by Smidt (1973). These values 
were used to calculate the patello-femoral con- 
tart forces in Table 1. 

I n  order to determine contact stress, direct 
measurement of the patello-femoral contact 
areas was necessary. For our 15 fresh specimens, 
the patella was surgically released from its 
medial and lateral proximal capsular attach- 
mcnts. It was painted with methylene blue or 
reti instrument ink. A desired knee flexion angle 
w a x  selected. The patella was returned to its 
normal position f o r  the selected angle and 
secured in position with manual tension on the 
qiiadricrps aponeurosis. A force of 25 kg was 
then manually applied normal to the patello- 
femoral contact point and coaxial with the pre- 
determined patello-femoral force vector, Fpf. The 
resulting contact print (Figure 4)  of the force 
hearing area was photographed. 

A lens to ohject distance of 18 inches was used 
for all photographs. A centimeter ruler was 
positioned level with the area of interest and 
inclutled in all photographs. Multiple exposures 
were made of each specimen to he sure that the 
contact areas of interest would be perpendicular 
to the focal axis. The resulting slides were en- 
larged until the centimeter markings on the 
ruler cotild he superimposed on centimeter graph 
papcr. The contact areas wcrc traced and the 
areas enclosed by the tracings were determined 
hy planimctrg. 

Although Aglietti et al. (1975) have reported 

that in a limited number of experiments on two 
specimens patello-femoral areas were only 
slightly affected by increases in  quadriceps 
force, we were concerned that due to the deform- 
ability of articular cartilage, our manually 
applied patello-femoral load of 25 kg was non- 
physiologic, and that our measured contact areas 
might be smaller than those experienced by the 
knee during normal activities. Accordingly, pre- 
pared specimens were fixtured in an Instron 
testing machine where loads between 118 and 
1472 newtons were sequentially applied to the 
patella. These experiments demonstrated that a 
small but significant increase in measurcd areas 
results from the highrr loads applied to the 
patella along the Fpf vector line. A similar 
series of experiments determined that  the time 
period of loading caused no significant differ- 
enceb in measured areas over a 6 second to 
2 minute span. Subsequent specimens were 
loaded to 893 newtons at  various knee flexion 
angles for 6 seconds. Total patellar articular 
areas were determined by the same technique. 

RESULTS 

The average and range for total patello- 
femoral contact areas a t  all measured 
knee flexion angles are presented in 
Figure 5 A. The percentage of the average 
total patellar articular surface in contact 
with the femur is recorded. The influence 
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Figure 5 .  A .  The averages and ranges o f  experirnenfalll1 determined contact areas f r o m  all sprcimens 
tit till knee f lex ion angles. B .  The expprimentall!l determined ef fec t  of the patel lo-femoral  loading 
conditions. 

of ‘‘low” and “high” patello-femoral load- 
ing conditions is presented in Figure 5 B. 

An overall summary of our experi- 
mental data and contact stress calcula- 
tions is presented in Table 1. Quadriceps 
forces are from the reports of Morrison 
(1907 a and b)  and Smidt (1973) .  The 
tibial-femoral contact areas are  from the 
report of Kettelkamp & Jacobs (1972) .  
The patcllo-femoral forces were calcul- 
ated from the equation: F,, = 2F, sin p/2 
where Fpf is the patello-femoral force, 
F, is the quadriceps force and ,B is the 
palcllar mechanism angle determined as 
previously described. Palello-femoral 
contact areas as measured are reported 
here, as  well as the averages of those 
measured under “low load” experiments, 
“high load” experiments and lhe overall 

average for all experiments. Palello- 
femoral contact stresses were calculated 
from data by the equation: contact stress 

force moment to surface 
surface area 

_ _ ~  ~ ~ - 

and are presented as they were influenced 
by the above loading conditions. 

DISCUSSION 

Our experimental results and calcula- 
tions from available data indicate that 
patello-femoral forces are generally less 
than libial-femoral forces (Morrison 
1970 a, h )  during normal activities and 
during maximum isometric quadriceps 
contracture (Smidt 1973).  We observed 
that the patella rarely touches the artic- 

34’ 
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iilar surface of the femur a t  full knee 
extension. Patello-femoral contact areas 
were less than total tibial-femoral con- 
tact areas for all degrees of knee flexion 
undcr all loading conditions ( Kettelkamp 
& Jacobs 1972) .  I t  is of interest that 0111’ 
values for patello-femoral contact areas 
are  in  generally good agreement with 
those reported by Aglietti et al. (1975) 
using a casting technique employing the 
injection of acrylic cement into the joint 
with simulated quadriceps forces from 
zero to 5400 newtons. 

Bearing surface contact stress is of 
great importance in prosthetic joint de- 
sign. These studies indicate that the 
patello-femoral contact stresses are  sim- 
ilar to  those of the tibial-femoral joint 
during normal activities. Under all load- 
ing conditions, and for all knee flexion 
angles, patello-femoral stresses were con- 
siderably greater than tibial-femoral 
stresses during isometric quadriceps con- 
tracture. A recent report by Walker & 
Erkman (1975) proposes a load bearing 
role for the menisci with a total stressed 
area of up to 12 cm2 observed in normal 
knees. If a load bearing function of the 
menisci is confirmed, then the patello- 
femoral contact stresses would be pro- 
portionately much greater than tibial- 
femoral stresses. 

A prosthesis to treat the patello- 
femoral as well as  the tibial-femoral ar- 
ticulations of the knee must necessarily 
be designed to function under these an- 
atomically imposed high stress condi- 
tions. 

High patello-femoral load values, small 
patello-femoral bearing surfaces, and the 
resultant high stress magnitudes indicate 
the need for caution in  the design and 
development of a patello-femoral com- 
ponent for a total knee joint replacement 
prosthcsis. 
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