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In-vitro Measurement of the Human Knee Joint Motion 
During Quadriceps Leg Raising 

Seonpi l  Kim* 
(Received September 25, 1997) 

This paper represents a three-dimensional motion analysis of the human knee joint under 

given conditions of loading and constraint. As the knee is extended by a known force applied 

to the quadriceps tendon, relative displacements of the femur, tibia, and patella are measured 

using a video motion analysis system. The most prominent motion of the tibia is external 

rotation and anterior displacement relative to the femur during knee extension. The patellar 

tlexion angle decreases from 70 ~ to 0 ~ The moment arm of the knee extensor mechanism exhibits 

a characteristic bell shape which peaks somewhere in the 40~ ~ region of flexion. In general, 

the quadriceps force increases as the knee extends from 90 ~ to full extension. The initial increase 

of quadriceps force results primarily from an increase in the torque exerted by the weight of the 

lower leg. In the range of 20 ~ 60 ~ , the quardricep force needed to extend the leg remains 

relatively constant. As the knee approaches full extension, the moment arm decreases due to the 

fact that the posterior capsule and the ACL begin to tighten in this region. Consequently, the 

quadriceps force increases rapidly. 
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1. In troduc t ion  

A number of studies have reported on the 

relative displacements of the bones at the knee 

obtained from in vitro experiments (van Dijk et 

a[., 1979 ; Veress et al., 1979 ; Grood et al., 1984 ; 

van Kampen et al., 1987 ; Reuben et al., 1989 ; 

Rovick et al., 1991 ; Hirokawa et al., 1991 ; 

Hirokawa et al., [992 ; Hefzy et al., 1992 ; 

Heegard et al., 1994 ; Nagamine et al., 1995). 

These studies have focused either on the 

mechanics of the patellofemoral joint (van 

Kampen et al., 1990 ; Koh et al., 1995; Nagamine 

et al., 1995) or on that of the tibiofemoral joint 

(van Dijk et al., 1979 ; Blankevoort et al., 1988). 

None of these studies, however, specify the three 

dimensional movements of the bones for a specific 

acti~,ity in which the loading conditions and 

constraints are known. 
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LaFortune et al. (1992) measured the relative 

displacements of the femur, tibia, and patella 

during normal gait by implanting bone pins in 

live subjects, However, the forces exerted by the 

muscle tendons on the bones during the activity 

were not known. Koh et al. (1995) also used 

bone pins to measure the relative movements of 

the femur, tibia, and patellar during maximum, 

voluntary contractions of lhe quadriceps muscles 

in vivo. Once again, however, the loading condi- 

tions imposed upon the bones could not be 

quantified. In contrast, van Kampen et al. (1990) 

and Nagamine et al. (1995) measured the full 

three dimensional displacements of the femur, 

tibia, and patella under known conditions of 

loading and constraint in vitro. Unfortunately, 

however, these data do not define the movements 

of the bones at the knee during an actual task. 

Instead. these researchers quantified the relative 

displacements of the bones for passive flexion- 

extension movements of the knee in which the 

muscles remain inactive. Many of the experiments 



In vitro Measurement o f  the Human Knee Joint Motion... 625 

reported in the literature also have unknowingly  

over constrained the knee, so much so that the 

resulting mot ion of  the bones no longer represents 

that of  the natural joint .  

The experiments described in this paper are 

aimed at measuring anatomical ,  three-dimen-  

sional knee- jo in t  motion under given condi t ions  

of  loading and constraint,  Specifically, relative 

displacements of  the femur, tibia, and patella are 

measured in a tYesh, cadaveric  leg as the knee is 

extended by a known force applied to the qua- 

driceps tendon. Based on these data, the mathe- 

matical basis for the moment  arm of the knee 

extensor mechanism is presented in detail. It is 

difficult to qual i tat ively compare  the experimental  

data obtained in this study with those data report- 

ed in the literature. In fact, it is difficult to com- 

pare the experimental  data obtained from the 

various studies reported in the literature alone. 

This is because the loading condi t ions  and con- 

straints used in the experiments are inevitably 

difl'erent. In many respects, this was the motiva-  

tion for undertaking the cadaveric  experiments 

described in this paper. 

2. Cadaveric Leg Experiments 

2.1 Experimental test rig 
Several mechanical  knee joinl  s imulators  have 

been constructed for the purpose of  s imulat ing 

both passive and active movements  of  the knee 

(Lewis, et al., 1988 ; Ahmed et al., 1987 : Kuros- 

awa et al., 1985 ; Rovick et al., 1991). In this 

study, a relatively simple loading rig was 

designed and built to test normal,  fresh, cadaveric  

legs during f lexion-extension movements  of  the 

knee (Fig. 1). This  apparatus is comprised of  a 

p rogrammable  stepper motor  (0.16 Hp, model  

SX83-62, Parker Inc.),  a gear box with a 20 : I 

reduction ratio (model NE34-20,  Bayside Preci- 

sion Inc.),  a s t ra in-gauged force transducer 

(capacity 896N ; model  MLP-200,  Transducer  

Techniques  Inc.),  a preamplif ier  (model TM 2, 

Transducer  Techniques  Inc.),  and software for 

pre-  and pos t -process ing of  the experimental  data 

(LabView,  Nat ional  Instruments Inc.). 

The  femur is held stationary within an alumi- 

num holder,  which itself is bolted to a flat table. 

Fig. 1 Schematic drawing of the experimental test rig for the quadriceps leg raise task. The fernur was mounted 
horizontally and fixed to the frame of the table, while the tibia hung vertically by il:s weight. The 
flexible wire cable was attached to the quadriceps tendon. The stepper motor controlled the length of 
the flexible wire causing the knee to extend at a prescribed rate. The force in the wire cable (quadriceps 
force) was measured during flexion-extension movements of the knee. The motion analysis system 
measured the relative displacements of the femur, tibia, and patella during the leg raise task. 



626 Seonpil Kim 

The femur is potted tightly in the holder  using 

bone cement. The specimen knee is loaded by 

attaching a flexible wire cable to the quadriceps 

tendon. The flexible cable is then taken to the 

p rogrammable  stepper motor  which, when driven 

in one direction, winds the cable around its shaft, 

thereby exerting force on the quadriceps tendon, 

which extends the knee. To flex the knee, the 

motor  is driven in the opposi te  direction, which 

unwinds the cable from the motor  shaft so that the 

leg is lowered under its own weight. 

2.2 Materials  and preparation 

Three normal  whole legs were prepared For 

testing (see Table  I). Prior to the experiments,  

each specimen was visually inspected to ensure 

that the knee jo in t  appeared at least outwardly 

normal.  This prel iminary assessment was verified 

for each specimen when the jo in t  was subsequent- 

ly opened to perform a bilateral meniscectomy. 

During the meniscectomy, the menisci and liga- 

ments were examined by a surgeon to ensure that 

they were or iginal ly  intact. Furthermore.  no 

visual evidence of  degenerative changes was 

found in the art icular surfaces of  the patella, in 

the patellar surfaces of  the femoral condyles, in 

the art icular  surfaces of  the tibia, and in the 

art icular surfaces of  the posterior femoral con- 

dyles. 

Prior to preparation,  each specimen was stored 

in a freezer at-20 degrees Celsius. The night 

before testing, the specimen was removed from 

storage and al lowed to thaw at room temperature. 

On the day of  testing, the femur was resected 35 

cm above a medial lateral line located approxi-  

mately at the center of  the knee. All passive soft 

tissues including the muscles were removed from 

the lemur. Only some 10 cm of  the quadriceps 

tendon was left intact. All passive soft tissues 

including the muscles were then removed from a 

port ion of  the tibia, beginning at the media l -  

lateral line located at the center of  the knee joint ,  

up to a point l0 cm below the center of  the knee 

(see Kim, 1996 for details).  A 2.5 cm loop was 

then sutured in the most proximal port ion of  the 

quadriceps tendon. This loop was needed to 

attach the flexible cable from the loading rig to 

the quadriceps tendon. 

Three sets of  retroreflective markers were used 

to measure the relative displacements of  the 

femur, tibia, and patella during f lexion-extension 

movements  of  the knee. Each set contained three 

retroreflective markers mounted on a triad. Triads 

fixed on the patella and t ibia were each construct- 

ed in the form of  a cruciform affixed to a 10 mm 

Table  1 

Specimen 

Major  dimensions of each specimen leg. 

Femur  width Ts the distance measured 

between width of the femoral  epic(m- 

dyles. Leg length is the distance from 

the femoral  epicondyle to the tibial 

malleolus. Leg weight is the weight of 

the shank and foot combined. 

Gender 

F 

M 

F 

Fenmr 

Width 

(ram) 

81 

95 

71 

Leg 

Length 

(ram) 

350 

470 

360 

Leg 

Weight  

(N) 

20.0 

32.0 

20.4 

Fig. 2 The triad implanted in the patella: The patel- 
la glides downward along the femoral groove 
from full extension position during knee 
flexion. All axes of the patellar fiame are 
parallel with those of the coordinate frame of 
the femur. (r~ is the position vector of 
markers of the patellar triad during move- 
ment. (r~ , is the position vector of the 
markers at the full extension of the knee. q is 
the position vector of the origin of patellar 
flame, qo is the position vector of the origin 
at the full extension of the knee. 
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diameter hub. Two markers were located horizon- 

tally 38 mm from the center line of the hub. The 

third marker was located vertically 38 mm from 

the top of the hub (see Fig. 2). 

Each triad was attached to a 10 cm long stein- 

mann pin, which was then inserted directly into 

the bone. Two retroreflective pin markers, each 

shaped as a 5 mm sphere, were also embedded in 

the bones. One pin was embedded in the patella at 

the approximate location of the patellar ligament 

origin; the other pin was embedded in the tibial 

tubercle, thereby marking the approximate inser- 

tion of the patellar ligament on the tibia. Mea- 

surements associated with these markers were 

used to calculate the direction of the patellar 

ligament force, and therefore, the moment arm of 

the patellar ligament at the knee. 

Prior to data collection, the specimen knee was 

placed in full extension and video data were 

collected to measure the positions of the markers 

with the leg in this configuration. These data were 

used to define the reference configuration of the 

leg. All kinematic measurements were made using 

a four--camera, 60 Hz, video system (Motion 

Analysis Inc., Santa Rosa). 

2.3 Experimental protocol 
For a known force applied to the quadriceps 

tendon, we measured the relative motion of the 

bones as the knee was extended from 90 ~ of 

flexion to full extension. This leg raising task has 

been studied previously by Grood et al. 11984). 

Prior to data collection, the specimen leg hung 

under its own weight with the knee flexed to 90 ~ . 

The knee was then extended quasi statically (i. e., 

almost zero velocity and zero acceleration of the 

bones) from 90 ~ flexion to full extension. During 

this movement, the shortening length of the flex- 

ible wire cable was measured. These measure- 

ments were then used to plan the trapezoidal 

velocity profiles of the cable so that the knee 

could be extended at three different angular 

speeds : 16 deg/sec, 4.5 deg/sec, and 1.5 deg/sec. 

This meant that the total time taken to move the 

knee from 90 ~ flexion to full extension was 5 

seconds, 20 seconds, and 60 seconds, respectively. 

Subsequent to specifying the length trajectory 

of the cable during knee extension, the leg was 

returned to its initial configuration with the knee 

flexed to 90 ~ . From this position, the knee was 

extended from 90 ~ flexion to full extension at one 

of the aforementioned speeds. For each speed, the 

time history of the applied quadriceps tendon 

force was measured, together with tlhe time his- 

tories of the absolute three-dimensior~aL positions 

of the markers mounted on the patella and tibia. 

Marker positions for the lemur were not measured 

during the experiment as the femur remained 

stationary. For each testing speed, data were 

collected for three separate trials. These data were 

subsequently averaged, and the resulting data 

used to represent the motion of the bones for the 

speed in question. 

3. A n a l y s i s  

3.1 Position and orientation of the patella 
and tibia relative to the femur 

To describe the motion of the patella and tibia, 

three markers mounted on a single triad were 

attached to each bone. The position of each 

marker on the patella and tibia relative to an 

inertial reference fi-ame was obtained from 

kinematic measurements made using the video 

system. On the basis of these data, it is possible to 

calculate the position and orientation of the 

patella and tibia relative to the femur during 

flexion-extension movements of the knee. 

The origin of the femoral reference frame was 

defined to be at the center of the lateral condyle of 

the specimen knee. The axes of the femoral refer- 

ence frame were oriented as follows (Kim, 1996) : 

the transverse x-axis was defined as the line 

passing through the center of the medial and 

lateral condyle of the specimen knee, with the 

positive direction pointing medially ; the y axis 

was defined to be perpendicular to the x-axis and 

parallel with the long axis of the femur in the 

sagittal plane, with the positive dirction pointing 

toward the hip ; and the z--axis was 1Laken as the 

veclorcross p r o d u c t o f t h e x a n d y a x e s ,  withthe 

positive pointing anteriorly. 

In this study, only the relative displacements of 

the bones were measured. The reference configu- 
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ration of the leg was defined with the knee at full 

extension. In this configuration, the position and 

orientation of the patella and tibia relative to the 

femur were taken to be zero. That is, the reference 

frames fixed on the patella and tibia were each 

assumed to be perfectly aligned with the reference 

frame fixed on the femur when the knee was 

placed in full extension. Thus, the displacements 

of the patella and tibia calculated during move- 

ment represent the displacement of each bone 

with respect to its position and orientation in the 

reference configuration. 

Let the position and orientation of the patella 

and tibia relative to the femur in the reference 

configuration be given by position ref, and let any 

other position of the patella and tibia relative to 

the femur be given by position 1. The change in 

position and orientation of the patella or tibia 

from position ref to position 1 is given by 

(r~ ] (r~ ( i - - l ,  2, 3) (1) 

where (r ~ Fee represents the position of a marker 

mounted on either the tibia or the patella in 

position ref, (r~ represents the position of a 

marker mounted on either the tibia or the patella 

in position 1, ~e}ER7 is the rotation matrix which 

contains the direction cosines defining the orien- 

tation of either the patella or the tibia in position 

I relative to its orientation in position ref, and v 

is a vector defining the translation of the origin of 

either the patellar reference frame or the tibial 

reference frame as the bone is displaced from 

position ref to position 1 (see Figs 2 and 3). 

We used the algorithm given by Spoor and 

Veldpaus (1980) to calculate the rotation matrix 

re}IR~ and the translation vector v for each new 

position of the patella and tibia relative to the 

position and orientation of each bone in the 

reference configuration. The translations of the 

tibia relative to the femur, however, were subse- 

quently expressed in the tibial reference frame, 

since these quantities correspond more closely 

with the clinical translations of anterior-posterior 

displacement, medial-lateral displacement, and 

proximal distal distraction of the tibia relative to 

the femur. The orientation of each bone, on the 

other hand, is defined by three rotations about 

Fig. 3 The triad implanted in the tibia : The coordi- 
nate frame of the tibia is coincident with that 
of the femur at full extension of the knee. (r 
o~.pJ) ~ is the position vector of markers of the 
tibial triad during movement. (r ~ rer is the 
position vector of the markers at the full 
extension of the knee. v is the position vector 
of the origin of tibial frame. 

mutually perpendicular axes. Values of these 

angles which define the change in orientation of 

each bone relative to its orientation in the refer- 

ence configuration may be calculated using the 

rotation matrices found in Eq. (1). 

Consider, for example, rotations of the patella 

about the following three mutually perpendicular 

axes. First, let ~, represent the rotation of the 

patella about the x-axis of the femur (patellar 

flexion-extension). Next, let a represent the rota- 

tion of the patella about the rotated z axis, which 

can be labeled as the z'-axis (patellar rotation). 

Finally, let fl represent the rotation about the 

rotated j - a x i s ,  which can be labeled as the 

y ' - ax i s  (patellar tilt) (see Fig. 3). For Euler 

rotations of the patella defined in this order (i. e., 

x z'  y ' ) ,  the rotation matrix is given by 

c~cd - s a  casfl 
~e~IR ~= cTsacfi+sTs fl cTca cTsasfl sTcfl] 

/ 

sTsacfl-cTsf l  s Tca s Ts~sfl +cTcfiJ 
(2) 

where cT,=cos 7 and s 7 sin 7- Note that the 

order of Euler rotations as defined above (i. e., x 

-z '-y") corresponds with the convention recom- 

mended by the ISB (Wu and Cavanagh, 1995). 

The rotation matrices calculated in Eq. (2) can 

be used to find the corresponding values of the 
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rotation angles 7, e~, and /~ which specify the 

or ientat ion of  the patella relative to its orienta- 

tion in the reference conf igurat ion (Craig, 1986). 

A similar procedure was carried out to calculate 

the rotation angles of  the tibia which defined the 

change in orientat ion of  the bone relative to its 

orientat ion in the reference configurat ion.  

3.2 C a l c u l a t i o n  o f  the f in i te  s c r e w  a x i s  

The displacement between two successive posi- 

tions of  each bone can be described by a rotation 

matrix ~[R 1 and a translat ion vector v using an 

equat ion similar to that of  Eq. (1). Thus. 

(r~ ~[R]( r~  (i 1, 2, 3) (3) 

The rotation matrix and the translat ion vector 

may be equivalent ly defined by a translat ion 

along and a rotation about  a unique line in space, 

called the screw axis. important ly ,  the posit ion 

and ,orientation of  the screw axis so calculated is 

independent of  the coordinate  system used to 

describe the motion of  each bone. The location 

and direct ion of  an instantaneous screw axis may 

also be found, but this requires that both the 

angular  velocity of  the bone and the linear veloc- 

ity of  at least one point  on the bone be known.  

Since calculat ion of  angular  and linear velocities 

requires numerical  differentiation of  the measured 

displacement data, only the locations and direc- 

tions of  the finite screw axes were calculated in 

this study. 

The  rotat ional  matrix may be solved uniquely 

for the direction cosines of  the screw axis (k) and 

the equivalent  rotation angle (~b) of  the bone 

(refer to Craig,  1986). The translat ion vector v 

can be separated into two components :  one paral- 

lel to the screw axis, k, and the other perpendicu- 

lar to the screw axis. Thus, 

v = vn + sk (4) 

where s represents the magni tude  of  the transla- 

tion of  the bone in the direction of  the screw axis, 

k, and v~ is the component  or thogonal  to k (Fig. 

4). ] 'he  component  v~ can be represented by 

vo=~(rxk)  (5) 

where q~ is the equivalent  angle of  rotat ion of  the 

bone and r is a posit ion vector leading from the 

Fig. 4 Screw axis and screw motion. The movement 
of a rigid body fiom position I into another 
position 2 can be represented by rotation 
about the screw axis and the translation s 
along the screw axis, The position of the 
screw axis is indicated by the position vector 
r fiom the fixed reference frame. 

origin of  the femoral  reference frame to an arbi 

lrary point  on the screw axis. The  magnitude ofvn  

is the min imum (perpendicular)  distance from 

the origin of  the femoral reference frame to the 

screw axis. Thus, Eq. (4) becomes 

v=- c~(r • k) + s k  (6) 

:qS[(r x k ) 5 ~ k ]  

The posit ion of  a point on the screw axis given 

by the vector r =  (r• r>, r~) can be lbund in 

several ways (Kinzel,  et al., 1972: ; Spoor  and 

Veldpaus, 1980 : Suh and Radcliffe, 1978). Spoor  

and Veldpaus (1980) determined r by defining it 

to be the vector associated with the minimum 

(perpendicular)  distance from the origin of  a 

global  reference to the screw axis, k. 

The translation s of  the bone along the screw 

axis can be determined by taking the dot product  

o f  the translation vector v and the unit vector in 

the direct ion of  the screw axis, k. Thus, from Eq. 

(6), 

s - - v O k  (7) 

Finally,  the relative displacement of  a bone 

between two successive positions of  the bone can 

be written in compact  form by combin ing  the 

pure rotation of  the bone about lhe screw axis 

with the pure translat ion of  the bone along the 

screw axis. The resulting screw $ ,  is given by the 

unit vector k, which defines the direct ion of  the 
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screw axis, the position vector r, which defines the 

location of the screw axis, the angle of rotation of 

the body about the screw axis qS, and the transla- 

tion s of the bone along the screw axis. Thus, 

k 

where the screw $ is given by 

k 

In this study, the locations of the finite screw 

axes for displacements of the tibia relative to the 

femur were defined with respect to the origin of 

the femoral reference frame. Note that s/q5 the 

ratio of the translation of the bone along the 

screw axis to the angle of rotation of the bone 

about the screw axis, is called the pitch of the 

s c r e w .  

3.3 The  moment  arm of  the  k n e e - e x t e n s o r  

m e c h a n i s m  

Various estimates for the moment arm at the 

knee appear in the literature. Smidt (1973) calcu- 

lated the moment arm of the patellar ligament 

force by estimating the location of the instantane- 

ous center of rotation of the tibia relative to the 

femur during flexion extension movements of the 

knee. In a similar study, Nisell (1985) calculated 

the moment arm of the patellar ligament about 

the tibiofemoral contact point using X-rays to 

measure the required positions of the femur and 

tibia in the sagittal plane. Grood et al. (1984) 

calculated the effective moment arm of the knee 

-extensor mechanism by measuring the qua- 

driceps force needed to extend a cadaveric leg, 

and by performing a static analysis for force and 

moment equilibrium of the patella and tibia. In 

another entirely different approach, Spoor et al. 

(1990) estimated the moment arm of the rectus 

femoris muscle at the knee by calculating the 

change in length of the muscle as a function of a 

change in the angle of knee flexion. None of these 

methods, however, estimate the moment arm of 

the knee-extensor mechanism in three dimen- 

sions, since this requires knowledge of the posi- 

tion and orientation of the finite or instantaneous 

screw axis of the tibia relative to the femur during 

flexion-extension movements of the knee. 

The actual moment arm of the knee-extensor 

mechanism can be calculated only once the physi- 

cal meaning of this quantity has been understood. 

Under all circumstances, the instantaneous torque 

exerted by a muscle force to cause pure rotation of 

a limb segment is given by the magnitude of the 

muscle force multiplied by some quantity which 

has the units of distance. This quantity may 

arbitrarily be given the name "moment arm" of a 

muscle force. In fact, it can be shown that the 

quantity referred to is equal to the perpendicular 

distance from the line of action of the muscle 

force to the instantaneous screw axis about which 

the body is purely rotating, multiplied by the sine 

of the angle between the screw axis and the line of 

action of the applied muscle force. The truth of 

this statement can be shown by considering the 

rate at which the applied muscle force does work 

to purely rotate the body about the instantaneous 

screw axis (Hunt, /978). 

In the case of the knee, there are actually two 

bodies which move relative to the femur during 

flexion extension o f the jo in t  : the patella and the 

tibia. Therefore, two such instantaneous axes of 

rotation may be found : o n e  which describes 

relative movements of the femur and patella, and 

the other which describes relative movements of 

the femur and tibia. Consequently, two corre- 

sponding moment arms may be calculated: one 

for the quadriceps tendon about the instantaneous 

axis of rotation of the patella relative to the 

femur, and the other for the patellar ligament 

about the instantaneous axis of rotation of the 

tibia relative to the femur. The first quantity, 

when multiplied by the magnitude of force in the 

quadriceps tendon, expresses the torque exerted 

by the quadriceps tendon which causes pure rota- 

tion of the patella relative to the femur. Further- 

more, when this torque is multiplied by the angu- 

lar velocity of the patella relative to the femur, the 

result gives the rate at which work is done by the 

quadriceps tendon to rotate the patella about its 
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instantaneous screw axis relative to the femur. 

The second quantity, when multiplied by tile 

magnitude of force in the patellar ligament, ex- 

presses the torque exerted by the patellar ligament 

which causes pure rotation of the tibia about tile 

femur. When this torque is multiplied by tile 

angular velocity of tibia relative to the femur, the 

result is the rate at which work is done by the 

patellar ligament to rotate the tibia about its 

instantaneous screw axis relative to the femur. 

Because the mass of the patella is so much smaller 

than Ihat of the tibia, it may be argued that the 

rate of doing work to rotate the patella is negli- 

gible in comparison with the rate of doing work 

to rotate the tibia during flexion extension move- 

ments of the knee. Thus, the moment arm of the 

knee-extensor mechanism may be represented by 

the perpendicular distance from the line of action 

of the patellar ligament force to the instantaneous 

axis c,f rotation of the tibia relative to the lemur, 

multiplied by the sine of the angle between these 

two lines in space. 

Let the direction of the force applied by the 

patellar ligament to the tibia be represented by the 

unit \.ector nvz. In cadaveric experiments, the unit 

vector []i) 1 was calculated fl-om measured positions 

of the markers mounted at the origin and inser- 

tion sites of the patellar ligament. Thus, the force 

applied by the patellar ligament can be represent- 

ed as 

f$~j . . . . . .  ( 1 0 )  

where r~t is the position vector of an arbitrarily 

chosen point on the patellar ligament relative to 

the origin of the reference frame fixed on the 

femur, and $p~ designates the screw which con- 

tains the direction of the patellar ligament force as 

well as the moment of this force about the origin 

of the femoral reference frame, and f is the 

magnitude of the patellar ligament t\~rce. The 

instantaneous work done to move the tibia can be 

found by taking the reciprocal produc t  of two 

screws, r $ ,  given by Eq. (8), and f$pj, given by 

Eq. (10). Thus, 

( k  ........ /(o ....... " ' /  
r$,~,or =rCX\rxk  + ~k/ \r,.,xnp,/ 

=fr  x (r x k) +k  • (r,~, • np,) + np, •  

=fr ((rpl- r) xn,.) knm x--S..;-kl (ll) r 

The first term within the brackets represents the 
perpendicular distance from the line of action of 
the patellar ligament force, npj, to the finite axis of 

the tibia relative to the femur, k, multiplied by the 

sine of the angle between these two lines. This 

term, when multiplied by fr gives the work done 

by the patellar ligament force to rotate the tibia 

from one position to the next about its finite 

screw axis. The second term within the brackets 

represents the distance translated by the tibia 

along its screw axis. This term, when multiplied 

by re, gives the work done by the patellar liga- 

ment force to translate the tibia along its screw 

axis. The m o m e n t  arm of the knee-extensor 

mechanism is therefore given by : 

m a = k e  ((rpl--r) •  (12) 

=dsin (c6 

where d is the perpendicular distance from the 
screw axis to the line of action of the patellar 

ligament force, and a is the "twist ',angle", or the 

angle between the line of action of the patellar 

ligament fbrce and line representing the direction 

of the finite screw axis of the tibia :relative to the 

femur (see Fig. 5). Note that since we calculated 

the location and direction of the finite screw axis 

for two successive positions of the tibia relative to 

the femur, the moment arm of the knee-extensor 

mechanism may be found using either of the two 

successive positions of the tibia. Tlnis is because 

the "moment arm" of a muscle force is an instan- 

taneous property of the system. We found that the 

diflizrence in the value of the knee-extensor 

momenl arm calculated using eilher of the two 

positions of the tibia was negligible. 
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Fig. 6 Quadriceps force needed to extend an intact 
cadaveric knee during the leg raise task. The 
lower leg of the cadaver (shank and foot) 
was left intact. Experimental data are shown 
for three specimens: specimen 1 (solid line), 
specimen 2 (dashed line), and specimen 3 
(dotted line). 

Fig. 5 The moment arm of the knee extensor is 
defined as the perpendicular distance 
between the line vector of the patellar liga- 
ment n~, and screw axis k. Here. rv~ is the 
position vector of an arbitrarily chosen point 
on the patellar ligament with respect to the 
origin of the reference frame fixed on the 
lemur, and r is the position vector which 
represents the perpendicular distance from 
the origin of the femoral reference frame to 
the finite screw axis. 

4. Resul ts  

4.1 Applied quadriceps force 
Figure 6 shows the variat ion of  the applied 

quadriceps force with knee flexion angle for three 

intact cadaveric  knees, with the average rate of  

knee extension being 4.5 deg/sec  for each speci- 

men. In general, quadriceps force increases as the 

knee extends from 90 ~ flexion to full extension. 

This  variat ion can be explained by considering a 

simple model  of  the knee in the sagittal plane 

(Fig. 8). The  fol lowing analysis is similar  to that 

given by Grood  et al. (1984). For  static equil ib-  

rium of  the tibia, summing torques about  the 

t ibiofemoral  jo in t  gives 

Fq W L m + W a L  cos0  (13) 
drj 

Fig. 7 Effective moment arm of the knee extensor 
mechanism calculated for three specimens 
during the leg raise task. The experimental 
result was obtained using the values of 
applied quadriceps force shown in Fig. 6. 

where W is the weight of  the leg, Wa is the ankle 

weight added to the leg, km is the distance from 

the center of  mass of  the leg to the t ibiofemoral  

contact  point, d is the moment  arm of the patellar 

l igament force about  the t ibiofemoral  joint ,  7? is 

the mechanical  advantage of  the patella, Fpl is the 

force in the patellar ligament, and 0 is the angle 

of  knee flexion. Since W, W~, Era, and L are all 

constants,  Eq. (13) shows that the var ia t ion in 

quadriceps force depends on the variat ion in the 

moment  arm of the patellar l igament force about 

the t ibiofemoral  jo in t  (d), on the angle of  knee 

flexion (0) ,  and on the mechanical  advantage of  

the patella (z]). Grood  et al. (1984) called the 

quanti ty given by (d 7/) the effective moment  arm 
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Fig. 8 Schematic diagram illustrating the mechanics 
of the quadriceps leg raise task (adapted 
from Grood et al., 1984). Quadriceps force 
(Fq) is applied to lilt the lower leg under the 
action of gravity alone. 0 represents the angle 
of knee flexion. W is the weight of the lower 
leg and L is the distance from the knee joint 
axis to the center of the mass of the lower leg. 

at the knee. 

The cosine of the knee flexion angle increases 

most rapidly near 90 ~ and varies little near full 

extension. Thus, the initial increase of the qua- 

driceps force results primarily from an increase in 

cos 0. In the range of 20 60 ~ the ratio of cos C) to 

the effective moment arm of the knee varies little. 

Consequently, the quadriceps force needed to 

extend the leg in this region remains relatively 

constant (Fig. 6, solid, dashed, and dotted lines 

between 20-60 ~ of flexion). As the knee 

approaches full extension, the quadriceps force 

increases rapidly. The increase in quadriceps 

force near lull extension may be due to the fact 

that the posterior capsule begins to tighten in this 

region (O'Connor et al., 1990). It may also be 

caused by contact of the ACE with the roof of the 

intercondylar notch as the knee approaches full 

extension, which presumably causes the ACL to 

tighten, thereby requiring much higher quadriceps 

force (Norwood and Cross, 1977). 

4.2 Relative displacements of the tibia 
Kurosawa et al. (1985), Reuben et al. (1989) 

and Rovick et al. (1991) all measured the three- 

dimensional displacements of the femur relative 

to the tibia in vitro during a simulated squat- to-  

stand activity. They all reported that the most 

prominent motions were internal rotation of the 

femur and posterior displacement of the femoral 

origin as the knee flexed from full extension to 

120 ~ . In these experiments, the femur rotated as 

much as 20 ~ internally relative to its position at 

full extension as the knee moved from 0 ~ to 90 ~ 

Furthermore. Ihe lateral condyle of the femur 

translated more than 15 mm as the knee flexed 

from full extension to 90 ~ . Unfortunately, quanti- 

tative comparisons between these results and 

those obtained in the present study are not pos- 

sible since the pattern of quadriceps force applied 

in each set of experiments is different. However, 

qualitative comparisons may be made. 

For the loading conditions given by Fig. 6, Fig. 

9 describes the changes in the position and orien- 

tation of the tibia relative to its position and 

orientation at full extension of the knee (the 

reference configuration). The most prominent 

motion of the bones was internal rotation and 

anterior displacement of the tibia relative to the 

femur as the knee flexed from full extension to 90 ~ 

(Fig. 9(a) and (e), compare solid, dashed, and 

dotted lines). 

The tibia rotated internally by as much as 25 ~ 

in one of the specimens tested. In all specimens, 

the peak value of internal tibial rotation exceeded 

15 ~ Furthermore, in each specimen the tibia only 

rotated internally as the knee was flexed from full 

extension (Fig. 9(a),  compare solid, (lashed, and 

dotted lines). These results indicate that this 

particular motion of the tibia was consistent and 

repeatable among the knees tested. 

All specimens exhibited anterior translation of 

the tibial origin relative to the femoral origin as 

the knee flexed fiom full extension to 90 ~ . The 

peak value of anterior translation of the tibial 

origin relative to the femoral origin in one speci 

men reached 15 mm as the knee was flexed to 90 ~ 

(Fig. 9(e)) .  In each of the other two specimens, 

anterior translation of the tibial origin remained 

below 10 mm. In one specimen, the tibia actually 

translated posteriorly as the knee began to flex 

from full extension. With increasing knee flexion, 
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however ,  the  t ib ia  then was t r ans la ted  anter ior ly .  

These  results are cons is ten t  with  those  repor ted 

by K u r o s a w a  et al. (1985),  who showed tha t  the 

(a) Internal external rotation of the tibia : inter- 
nal rotation (positive) ; external rotation 

(negative) 

lateral  condyle  of  the femur t ransla tes  pos ter ior ly  

as the knee is flexed from full extension,  in this 

case, pos te r ior  t r ans l a t ion  of  the femoral  or ig in  

relat ive to the t ibial  or ig in  is equ iva len t  to ante- 

r ior  t r ans la t ion  of  the t ib ia l  or ig in  relat ive to the 

femoral  origin.  This  p h e n o m e n o n  is character is t ic  

o f  femoral  roll back at the knee (Garg  and  

Walker ,  1990). 

The  r ema in ing  ro ta t ions  and  t rans la t ions  of  the 

t ib ia  are general ly  small  in c o m p a r i s o n  with the 

i n t e rna l - ex t e rna l  ro ta t ions  and  a n t e r i o r - p o s t e r i o r  

t r ans l a t ions  o f  this  bone  d u r i n g  a leg raise task. 

These  less p r o m i n e n t  mo t ions  of  the t ib ia  are also 

more  var iable ,  a f inding which  agrees with the 

obse rva t ions  repor ted by Rovick et al. (1991).  

(b) Varus-valgus rotation of the tibia : varus of 
the tibia (positive) ; valgus of the tibia (nega- 
tive) 

(d) Proximal distal translations of the tibia : dis- 
tal translation (positive) ; p rox ima l  transla- 
tion (negative) 

(c) Medial-lateral translations of the t ibia : (e} Anterior-posterior  translations of the tibia : 
medial translation (positive) ; lateral trans- anterior translation (positive), posterior trans- 
lation (negative) lation (negative) 

Fig. 9 Displacements of the t ibia measured relative to the femur for the quadriceps leg raise task. The 
displacements of the tibia were measured relative to its position and orientation when the knee was 
placed in full extension (i. e., the reference configuration of the leg). Translations of the tibia were found 
by calculating the displacement of the origin of the tibial reference frame with respect to the origin of 
the femoral reference frame, and were then expressed in the tibial reference frame. Rotations of the tibia 
were found by calculating the orientation of the tibial reference frame relative to the orientation of the 
femoral reference frame, and were then expressed in the tibial reference frame. Shown are the measured 
rotations and translations of the tibia relative to the femur for the three specimens tested in this study : 
specimen I (solid line), specimen 2 (dashed line), and specimen 3 (dotted line). 
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Varus-valgus rotations of the tibia remain less 

than 10 ~ throughout the range of knee flexion 

(Fig. 9(b),  solid, dashed, and dotted lines). 

Furthermore, medial lateral and proximal-distal 

translations of the tibia were no more than 5 mm 

for all of the specimens tested (Figs. 9(c) and 

(d), solid, dashed, and dotted lines). For two of 

the specimen knees, proximal-distal translations 

of the tibial origin remained almost zero through- 

out the range of knee flexion (Fig. 9(d), solid, 

dashed, and dotted lines). 

4.3 Relative displacements of the patella 
As knee flexion increases, the patella shifts 

laterally, usually after a slight shift toward the 

medial side of the knee (Nagamine et al., 1995 : 

van Kampen et al., 1987). Peak values of patellar 

shift as measured by van Kampen et al. (1987) 

ranged from 5 mm to as much as 15 ram. Results 

given by Nagamine et al. (1995), however, appear 

to be much less variable, with patellar shift 

remaining below 8 mm for all 1 I specimens tested 

in that study. 

Figure 10 shows the changes in the position 

and orientation of the patella relative to its posi- 

tion and orientation with the knee at full exten- 

sion (i. e., the reference configuration). The most 

consistent and reproducible motions of the patella 

are flexion as well as anterior and distal transla- 

tions of the patellar origin relative to the origin of 

the femoral reference frame (solid, dashed, and 

dotted lines in Figs. 10(c), (e), and (f)). These 

results suggest, in agreement with findings report- 

ed b~ others, that the motion of the patella is 

relatively stable throughout the range of knee 

flexion. Nagamine et al. (1995) reported that 

patellar tracking is relatively independent of the 

amount and direction of the applied quadriceps 

force. This is because the anatomic configuration 

of the patellofemoral joint allows the patella to sit 

firmly inside the femoral groove at all angles of 

flexion, except as the knee approaches full exten- 

sion. 

Consistent with results reported by van 

Kampen et al. (1987) and Nagamine et al. 

(1995), patellar flexion lags knee flexion 

throughout the range of joint motion (Fig. lO(c), 

solid, dashed, and dotted lines). At 90 ~ of knee 

flexion, peak values of patellar flexion range from 

50-60 ~ . Corresponding values reported by van 

Kampen et al. (1987) approached 70 ~ For two of 

the specimens tested in this study, the patella 

shifts medially as the knee flexes toward 90 ~ . This 

motion was much smaller and more variable in 

the third specimen, however (Fig. 10(d), com- 

pare solid, dashed, and dotted lines). Peak values 

of patellar shift remain below 10 mm, which 

compares well with the data reported by 

Nagarnine et al. (1995). 

There is considerable variability in the mea- 

surements of patellar flit for the three knees tested 

here (Fig. 10(a), compare solid, dashed, and 

dotted lines). In two of the specimens, the patella 

tilts medially as the knee flexes from full exten- 

sion to 90 ~ . In the third specimen, the patella tilts 

laterally relative to its position at full extension of 

the knee. The peak magnitude of this rotation is 

also greater than that reported by wm Kampen et 

al. (1987) and Nagamine et al. (1!)95). Patellar 

tilt approaches 20 ~ in two of the specimens tested 

in this study. The literature data show that patel- 

lar tilt remains below 10 ~ 

These is also some discrepancy between mea- 

surements of patellar rotation in this study and 

data reported by others. Patellar rotation gener- 

ally remains small throughout the range of knee 

flexion (Fig. 10(b), solid, dashed, and dotted 

lines). The patellae of two specimens rotate 

medially as the knee is flexed to 90 ~ . These results 

are consistent with the findings of van Kampen et 

al. (1987) and Nagamine et al. ([995). In the 

third specimen, however, the patella rotates later- 

ally (Fig. 10(b)). For all of the knees tested, 

however, peak values of patellar rotation remain 

below 10 ~ which is consistent with data reported 

by van Kampen et al. (1987) and Nagamine et al. 

(1995). 

Differences between patellar tilt and patellar 

rotation obtained in this study and those reported 

by van Kampen et al. (1987) and Nagamine et al. 

(1995) are explained by the fact that the qua- 

driceps forces applied to the cadaveric knees were 

different. Nagamine et al. (1995) and van 

Kampen et al. (1987) measured the tracking 
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(a )  P a t e l l a r  t i l t  : medial tilt (positive) ; lateral t i l t  

(negative) 
(d) Medial lateral shift of the patella : medial shift 

(positive) ; lateral shift (negative) 

(b) Patellar rotat ion:  medial rotation (positive) ; 
lateral rotation (negative) 

(e) Proximal-distal translation of the patella : 
distal translation (positive) : proximal transla- 
tion (negative) 

(f) Anterior-posterior translation of the patella : 
(c) Patellar flexion-extension : flexion (positive) ; anterior translation (positive) ; posterior 

extension (negative) translation (negative) 

Fig. l0 The corresponding displacements of the patella measured relative to the femur for the quadriceps leg 
raise task. The displacements of the patella were measured relative to its position and orientation 
when the knee was placed in lull extension (i. e.. the reference configuration of the leg). Translations 
of the patella were found by calculating the displacement of the origin of the patellar reference frame 
with respect to the origin of the femoral reference frame, and were then expressed in the femoral 
reference frame. Patellar rotations were found by calculating the orientation of the patellar reference 
frame relative to the orientation of'the femoral reference fi+ame, and were then expressed in the femoral 
reference frame. Shown are the measured rotations and translations of the patella relative to the femur 
for the three specimens tested in this study: specimen 1 (solid line), specimen 2 (dashed line), and 
specimen 3 (dotted line). 

patterns of  the patella during passive f lexion-  

extension of  the knee. In these experiments,  the 

applied quadriceps force was relatively small 

(less than 100 N) .  Al though Nagamine  et al. 

(1995) found that the neither the magni tude nor 

the direction of  the quadriceps force affected the 

movements  of  the patella, one would expect that 

changes in the applied quadriceps force would 

have a greater effect on patellar rotat ion and 

patellar  tilt which are more highly variable 
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between the specimens. This is because patellar 

rotation and patellar tilt are highly influenced by 

the direct ion of  force applied to the patella by the 

patellar ligament, which in turn depends upon 

quadriceps force. 

4.4 M o m e n t  arm of  the k n e e - e x t e n s o r  

m e c h a n i s m  

The moment  arm of  the knee-extensor  mecha- 

nism when plotted against the angle of  knee 

flexion exhibits a characteristic bell shape. For  

the three specimens tested in this study, the 

moment  arm peaks somewhere in the 40 60 ~ 

region of  flexion. It then decreases rather rapidly 

on either side of  this peak (Fig. I1, solid, dashed, 

and dotted lines). It is readily apparent  that there 

is considerable  variat ion in the moment  arms for 

the three specimens used in this study. Figure 11 

shows that the moment  arms for two of the speci- 

mens differ by more than 20 mm at one part icular  

angle of  the knee (compare solid and dotted 

curves at around 40 ~ of  f lexion).  These results 

suggest that anatomical  differences play a large 

role in determining the moment  arm of  the knee 

extensor mechanism. 

Both the shape and the magni tude of  the 

moment  arm of the knee-extensor  mechanism is 

domina ted  by the perpendicular  distance between 

the screw axis and the line of  action of  the 

patel lar  l igament force (compare solid, dashed, 

and dotted lines in Fig. 11 and Fig. 12). The 

angle between these two lines varies from about 

40 ~ near full knee extension to about  85 ~ at large 

angles of  flexion (Fig. 13, compare  solid, dashed, 

and dotted lines).  When the sine of  this angle is 

evaluated,  however,  the result varies from 0.65 to 

a value that is very close to 1.0. This means that 

for most of  the jo in t  range of  motion,  the sine of  

the angle between the screw axis and the line of  

action of  the patellar l igament force does not 

sigmticatly influence the magni tude of  the knee 

-extensor  moment  arm. This  conclusion is 

supported by the results of  Figs. I I and 12, which 

show that the moment  arm of the knee-extensor  

mechanism and the perpendicu lar  d is tance  

between the screw axis and line of  action of  the 

patellar  l igament force are nearly equal  at all 

angles of  knee flexion. 

The fact that the angle between the screw axis 

and the line of  action of" the patellar l igament 

force remains, for the most part, above 60 ~ is 

consistent with the view that the major  move- 

ments of  the t ibia relative to the femur occur in 

the sagittal plane. If the mot ion of  the t ibia rela- 

Fig.  11 Moment arm of the knee extensor mecha- 
nism calculated using the measured relative 
displacement of the bones. Shown are the 
experimental data obtained fi-om three spec- 
imens: specimen I (solid line), specimen 2 
(dashed line), and specimen 3 (dotted 
line). Notice that the knee-extensor 
moment arms for the three specimens tested 
differ by as much as 2 cm. 

Fig.  12 r i le  perpendicular distance between the 
line of action of the patellar ligament force 
and the line representing the direction of 
the screw axis of the tibia relative to the 
femur lot the three specimen knees: speci- 
men 1 (solid line), specimen 2 (dashed 
line), and specimen 3 (dotted line). For 
each specimen, the perpendicular distance 
between the patellar ligament [brce and the 
screw axis is approximately equal to the 
magnitude of the knee extensor moment 
arm shown in Fig. 5. 



638 Seonpil Kim 

Fig.  13 The twist angle (a), defined as the angle 
between the line of action of the patellar 
ligament lbrce and the direction of the 
screw axis of the tibia relative to the lemur, 
tbr the three cadaveric knees : specimen I 
(solid line), specimen 2 (dashed line), and 
specimen 3 (dotted line). Sine of the twist 
angle (a) is close to unity at nearly all 
angles of knee flexion during the qua- 
driceps leg raise task. This explains why the 
perpendicular distance given in Fig. 12 is 
nearly equal to the magnitude of the knee 
extensor moment arm shown in Fig. 5 for 

each specimen. 

tive to the femur remained in the sagittal plane, 

the angle between the screw axis and the line of  

action of  the patellar  l igament force would  always 

be equal to 90 ~ . This is because the screw axis of  

the t ibia relative to the femur would then always 

be directed perpendicular  to the plane defined by 

the line of  action of  the patellar l igament force 

and the long axis of  the tibia. Therefore,  only in 

this special case would  the moment  arm of the 

knee-extensor  mechanism always be equal  to the 

perpendicular  distance between the screw axis 

and the line of  action of  the applied force, since 

the sine of  the angle between these two lines 

remains equal to one. 

5. Discuss ion  

The fact that the angle between the screw axis 

and the line of  action of  the patellar  l igament 

force is not always 90 ~ (i. e., it varies anywhere 

from 60-85 ~ in the three specimens tested) con- 

firms what is already we l l - known  about  the real 

knee. It shows tha, t the t ibia undergoes move- 

ments other than f lexion-extension,  most notice- 

ably internal-external  rotat ion about  its long 

axis. Movements  of  the tibia relative to the femur 

Fig.  14 Frontal plane view of the screw axes during 
the leg raise task for specimen 1. The screw 
axes are represented relative to the femoral 
coordinate system as a projection on the 
frontal plane. 

Fig.  15 Transverse plane view of the screw axes 
during the leg raise task for specimen 1. 
The screw axes are represented relative to 
the femoral coordinate system as a projec- 
tion on the transverse plane. 

that are not contained in the sagittal plane reflect 

a change in the direction of  the screw axis (Figs. 

14 and Fig. 15). Specifically, they indicate that 

the screw axis does not remain perpendicular  to 

the plane conta ining the line of  action of  the 

patellar  l igament force and the long axis of  the 

tibia. If the angle between these two lines approa-  

ched zero, the patellar l igament force would  not 

be able to produce rotation of  the tibia relative to 

the femur ; any force applied by the patellar 

l igament would then merely translate the t ibia 

a long its screw axis. In this sense, the value of  the 

sine of  the angle between the screw axis and the 

patellar  l igament force represents the efficiency 
with which the patellar l igament force is able to 
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exert torque on the tibia and rotate this bone 

about its screw axis. 

To understand the variation with knee flexion 

angle of the moment arm of the knee-extensor 

mechanism, it is necessary first to explain the 

variation with knee flexion angle of the perpen- 

dicular distance between the screw axis of the 

tibia relative to the lemur and the line of action of 

the patellar ligament force. The perpendicular 

distance between the screw axis of the knee and 

the line of action of the patellar ligament force is 

a function of the location within the knee of the 

screw axis of the tibia relative to the femur. The 

location of the screw axis is in turn determined by 

the interaction between two properties : (i) the 

geometry of the articulating surfaces of the femur, 

tibia, and patella at the knee, and (ii) the magni- 

tude and direction of the forces applied by the 

muscles spanning the knee. Quantifying the inter- 

action between these properties for a specific 

activity will enable an understanding of the varia- 

tion with knee flexion angle of the moment arm of 

the knee-extensor mechanism. 

In conclusion, the three dimensional displace- 

ments of the tibia and patella relative to the femur 

were measured in three cadaveric knees during a 

quadriceps leg raise task. The result has been used 

to estimate the location of the finite screw axis. 

The use of the screw axis appears to be a useful 

and accurate approach tbr calculating the 

moment arm. The procedure described in this 

paper also provides a promising method for 

measuring the total relative motion between two 

body segments without making limiting assump- 

tions concerning the geometry of the actual joint. 
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