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Abstract

Knowledge of the anatomy and biomechanics of the knee is critical for successful rehabilitation following knee injury and/or
surgery. Biomechanics of both the tibiofemoral and patellofemoral joints must be considered. The purpose of this paper is to
provide a framework for rehabilitation of the knee by reviewing the biomechanics of the tibiofemoral and patellofemoral joints. This
will include discussion of the relevant arthrokinematics as well as the effects of open and closed chain exercises. The implications for
rehabilitation of the knee will be highlighted. © 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

The knee joint is the largest and possibly the most
complex synovial joint in the body. It is a combination
of three articulations, one between the femur and pa-
tella and two between the femoral condyles and tibial
plateaus. It is located between the two longest lever
arms of the body and bears a majority of body weight.
This relationship makes the knee vulnerable to trauma
and overuse injuries. Since knee injuries can lead to
significant functional limitations and disability, an un-
derstanding of this joint’s biomechanics is a prerequisite
for proper rehabilitation of the knee. The purpose of
this paper is to review the biomechanics of the tibio-
femoral and patellofemoral joints, which will provide
the framework for the rehabilitation of any knee
dysfunction.

2. The tibiofemoral joint

The tibiofemoral joint is usually described as a
modified hinge joint with two degrees of freedom: flex-
ion-extension and axial rotation. l'he amount ot knee
Hexion will vary from 120° to 160® depending on the
position of the hip. The range of knee extension is 0-15°
of hyperextension and can be tested by lifting the heel off
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the table with the knee straight. The amount of axial
rotation is dependent on the position of the knee. In full
extension, the knee is in the close-packed position and
minimal to no rotation is possible. At 90° of knee flexion
the tibia can laterally rotate up to 40° and medially
rotate up to 30°. More recently, the tibiofemoral joint
has been described as having six degrees of freedom;
flexion and extension with mediolateral translation
around a mediolateral axis, varus-valgus angulation
with anteroposterior translation around an anteropos-
terior axis, and internal and external rotation with su-
peroinferior translation around a superoinferior axis [1].

During flexion and extension of the tibiofemoral joint
there is a combined roll, glide, and spin of the articu-
lating surfaces to help maintain the joint congruency [2].
These arthrokinematics are a result of the geometry of
the joints and the tension produced in the ligamentous
structures. During closed chain extension of the tibio-
temoral joint the temoral condyles roll anteriorly and
glide posteriorly on the tibial plateaus. l'here 1s also a
conjunct medial rotation of the temur during the last 30*
of extension. L'his 1s called the "screw home’ mechanism
of the knee. In open chain extension, the tibial plateaus
roll and ghde anteriorly on the temoral condyles. In the
last 30° this produces a conjunct lateral rotation of the
tibia. During closed chain tlexion ot the knee the tem-
oral condyles roll posteriorly and glide anteriorly on the
tibia plateaus with a conjunct lateral rotation of the
femur at the beginning of flexion, which 1s initiated by
the politeus muscle. In open chain flexion the tibial
plateaus roll and ghde posteriorly on the femoral
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condyles with a conjunct internal rotation during the
mitial 30°.

The anterior cruciate ligament (ACL) and posterior
cruciate ligament (PCL) help maintain normal arthoki-
nematics of the knee through the four bar linkage system
described by Muller [3]. The four bars in the linkage
system include (1) ACL, (2) PCL, (3) a line connecting the
femoral insertions of ACL and PCL, and (4) a line con-
necting the tibial insertions of the ACL and PCL. In a
normal knee the cruciate ligaments are inelastic and
maintain a constant length as the knee flexes and extends,
helping to control rolling and gliding of the joint surfaces.
During closed chain extension of the knee, the temoral
condyles roll anteriorly increasing the distance between
the insertions ot the PCL. Since the PCL cannot lengthen,
the temoral condyles are pulled posteriorly allowing tull
sxtension to occur. During closed chain tlexion ot the
knee, the temoral condyles roll posteriorly increasing
the distance between the msertions ot the ACL. Since the
ACL cannot lengthen, the temoral condyles are pulled
anteriorly by the ACL. Injury to the cruciate ligaments
disrupts the four bar linkage system and results in ab-
normal translation of the tibiofemoral joint during flex-
ion and extension of the knee. This aberrant motion may
damage the menisci and articular cartilage leading to
early degenerative changes of the knee.

An understanding of the arthrokinematics of the ti-
biofemoral joint is helpful in the treatment of limited
motion of the knee. For example, if a patient has limited
knee extension secondary to limited anterior translation
of the tibia, the therapist can apply an anterior glide of
the tibia to help increase knee extension [4].

3. Effects of exercise on the tibiofemoral joint

Currently rehabilitation exercises for the knee joint
are described as occurring in an open kinetic chain
(OKCQ) or a closed kinetic chain (CKC) manner. Open
kinetic chain exercises are defined as those in which the
distal segment of the joint is free to move [5]. OKC
exercises are typically non-weight bearing exercises such
as knee extension performed when sitting on a leg ex-
tension machine. Closed kinetic chain exercises are de-
fined as those in which the distal segment of the joint
meets considerable resistance [5]. Examples of CKC
exercises include a squat or step-up. OKC and CKC
exercises produce different effects on the tibiofemoral
and patellofemoral joints. An understanding of these
differences can help the clinician design a comprehensive
rehabilitation program.

4. OKC knee extension

OKC knee extension is produced by isolated con-
traction of the quadriceps, which results in anterior

translation of the tibia. Palmitier et al. [6] developed a
biomechanical model demonstrating the forces pro-
duced at the tibiofemoral joint during OKC extension.
The resultant force on the knee can be resolved into a
compressive component and a shear component. When
the resistance is applied perpendicular to the distal as-
pect of the leg a posterior shear of the femur (anterior
shear of the tibia) is produced. I'ne ACL provides 85%
of the restraining force to this anterior tibial shear [7].

Grood et al. [8] demonstated this stress on the ACL
during OKC knee extension in cadaveric knees. They
found that sectioning the ACL increased anterior tibial
translation during the last 45° of knee extension. Thus,
exercises performed in this range could have deleterious
effects on the graft following ACL reconstruction or
could stretch secondary restraints in an ACL-deficient
knee.

Sawhney et al. [9] investigated the effects of isometric
quadriceps contraction on tibial translation in subjects
with an intact knee. Isometric OKC quadriceps con-
traction against 10 pounds of resistance applied to the
distal aspect of the leg resulted in significant anterior
tibial translation at 30° and 45° of flexion, with no sig-
nificant tibial translation occurring at 60° and 75° of
flexion. The authors determined that the quadriceps
neutral angle (i.e. the angle at which quadriceps con-
traction produces no anterior or posterior tibial trans-
lation) occurs between 60° and 75° of flexion. OKC knee
extension at angles less than the quadriceps neutral
position results in anterior translation of the tibia. OKC
knee extension at angles greater than the quadriceps
neutral position result in posterior translation of the
tibia.

Beynnon et al. [10] confirmed the above findings by
implanting a Hall effect transducer in subjects to mea-
sure the strain characteristics of a normal ACL during
commonly prescribed rehabilitation exercises. OKC
knee extension produced strain on the ACL that was
dependent on the angle of knee flexion and level of
quadriceps activity. The average peak ACL strain dur-
ing OKC knee extension without weight was 2.8%.
Strain on the ACL during OKC knee extension with a
45-N weight strapped to the ankle was 3.8%. In both
cases the peak strain occurred at 10° of knee flexion.
Isometric OKC quadriceps contractions at 15° and 30°
produced an average peak strain of 4.4% and 2.7%, re-
spectively, while at 60° and 90° of knee flexion there was
0% ACL strain. Co-contraction of the quadriceps and
hamstrings at 15° of flexion produced an average peak
ACL strain of 2.8% but no strain was produced on the
ACL at 30°, 60°, and 90° of flexion. The exercises that
produced no to low ACL strain were either dominated
by the hamstring muscles, involved quadriceps muscle
activity with the knee flexed at 60° or greater, or in-
volved unloaded knee motion between 35° and 90° of
flexion.
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Presently it is unknown how much strain is detri-
mental or beneficial to a graft following ACL recon-
struction. It has been reported that a strain of 10-15% is
necessary to cause visible failure of the ACL [11]. It
appears that OKC extension exercises will not adversely
effect a normal ACL or mature ACL graft. However, the
healing graft may be vulnerable to overloading and may
fail if rehabilitation is too aggressive. To minimize PCL
stress, OKC knee extension should be performed at
angles between 60° and 0° of flexion.

5. OKC knee flexion

OKC knee flexion results trom 1solated contraction ot
the hamstrings, which results in posterior translation ot
the tibia and places stress on the PCL. Grood et al. [12]
demonstrated increased posterior translation following
removal of the PCL in cadaveric knees. The additional
posterior translation was least in full extension and in-
creased progressively with an increase in knee flexion
angle, reaching 11.4 mm at 90° of knee flexion. Lutz et al.
[13] found that isometric OKC knee flexion at 30°,
60°, and 90° of flexion produced large posterior shear
forces at the tibiofemoral joint. The posterior shear
forces increased as flexion progressed from 30° to 90°.
Kaufman et al. [14] analyzed forces on the tibiofemoral
joint during OKC isokinetic exercise. A posterior shear
force existed throughout the entire range of flexion,
reaching a peak at 75° of knee flexion. The maximum
posterior shear force was 1.7 x body weight at 60°/s and
1.4x body weight at 180°/s. Beynnon et al. [10] mea-
sured ACL strain in vivo and verified that OKC iso-
metric hamstring contractions produce no to low strain
on the ACL.

The above studies present evidence that all OKC knee
flexion exercises place substantial stress on the PCL and
should be used judiciously during rehabilitation fol-
lowing PCL injury and/or reconstruction. It also rein-
forces the concept that OKC flexion does not produce
deleterious loads on the ACL and should be employed
during ACL rehabilitation.

6. Closed chain exercises

CKC exercises occur when the distal segment of the
joint is relatively fixed so that movement at one joint
results in simultaneous movement of all the other joints
in a predictable manner. An example of a CKC exer-
cise is a squat, which results in simultaneous ankle
dorsiflexion, knee flexion, and hip flexion. CKC exer-
cises are widely used in the rehabilitation of the lower
extremity especially following ACL reconstruction. It 1s
believed that CKC exercises minimize stress on the
ACL by decreasing the tibiotemoral shear forces

through mcreased jomnt compression and muscular co-
contraction.

Biomechanical models demonstrate reduced tibio-
femoral shear forces when the line of force is applied
more axially in relation to the tibia [6]. Markolf et al.
[15] confirmed that axial compression decreased joint
displacement and concluded that joint compression may
be an important protective mechanism that reduces
ligament strain. Yack et al. [16] examined the effects of
progressive loading of the knee extensors during weight-
bearing and non-weight-bearing isometric exercise in
ACL-deficient knees. The results demonstrated less an-
terior tibial translation under weight-bearing conditions
than non-weight-bearing conditions. Progressive load-
ing of the lower limb when weight-bearing did not in-
crease anterior tibial translation. Stuart et al. [17]
reported that a power squat, front squat, and lunge all
produced a posterior tibiofemoral shear force indicating
that the potential loading on the injured or recon-
structed ACL is not significant. Torzilla et al. [18]
studied the combined effects of joint compression and
quadriceps force on joint stability. They found a signi-
ficant decrease in total anteroposterior translation with
the application of a joint compressive load and/or
quadriceps force. The joint compressive load and
quadriceps force significantly decreased total antero-
posterior translation by as much as 50-66% in ACL-
intact knees and by as much as 42-71% in ACL-deficient
knees.

CKC exercises result in co-contraction ot the ham-
strings and quadriceps muscles. Ohkoshi et al. [19] in-
vestigated this by measuring the electromyographic
activity in the thigh muscles when squatting. Their re-
sults revealed simultaneous contraction of the ham-
strings and quadriceps muscles when squatting on both
legs and an increase in activity of the hamstrings with
anterior flexion of the trunk. Muscular co-contraction
occurs as the quadriceps contract to counteract the
fexion moment arm at the knee and the hamstrings
contract to counteract the flexion moment arm at the
hip |6].

Wilk et al. |20] reported that not all CKC exercises
produce co-contraction ot the quadriceps and hamstring
muscles. It appears that squats promote co-contraction
whereas a leg press produces a quadriceps muscle
dominant contraction. During the horizontal leg press
the body 1S positioned behind the knee joint and the
quadriceps must contract to control the imcreasing knee
Hexion angle. Conversely, during the vertical squat, the
body 1s positioned only slightly posterior to the knee
joint resulting in more of a co-contraction between the
quadriceps and hamstring muscles.

Beynnon et al. [21] implanted a transducer on the
anteriomedial bundle of the ACL to measure strain in
the ligament during squatting with and without elastic
resistance and during active open chain flexion and
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extension of the knee. The results revealed that the av-
erage maximum ACL strain values produced by OKC
extension (3.8%) and CKC squatting (3.6%) were simi-
lar. This finding indicates that squatting, which pro-
duces a compressive joint force does not necessarily
protect the ACL more than active extension of the leg.
Fleming et al. [22] used the same instrument as Beynnon
and colleagues to measured ACL strain in vivo during
stationary bicycling. The mean peak ACL strain values
generated during bicycling were relatively low (1.7%).
This indicates bicycling is a CKC exercise that can be
used to challenge the thigh musculature without in-
creasing ACL strain values.

CKC exercises are assumed to be more functional
than OKC exercises because they produce a muscle re-
cruitment pattern that simulates tunctional activities.
During CKC exercise, simultaneous hip and knee ex-
tension occur when arising from the flexed position
causing the rectus femoris to lengthen across the hip
while shortening across the knee. Conversely, the ham-
strings lengthen across the knee and shorten across the
hip. The resultant concentric and eccentric contraction
at opposite ends of the muscle produce a ‘pseudoiso-
metric contraction’ described by Palmitier et al. [6] as
the ‘concurrent shift’. This type of contraction is utilized
during functional activities such as walking, stair
climbing, running, and jumping and cannot be repro-
duced by isolated OKC exercises.

Snyder-Mackler et al. [23] suggested that CKC exer-
cise alone may not provide an adequate stimulus to the
quadriceps femoris to permit normal function of the
knee. Subjects who performed OKC knee extension with
high-intensity electrical stimulation demonstrated
greater increases in quadriceps femoris muscle torque
compared to subjects performing CKC exercise alone.
The increase in muscle torque was correlated with
improved kinematics during the stance phase of gait.
Ninos et al. [24] studied muscle activity with the addition
of the extremity during the performance of a squat
against 25% of body weight. The results indicated that
maximum quadriceps activity was between 20% and
30% of maximum voluntary isometric contraction and
the maximum hamstring activity was between 10%
and 15% of maximum voluntary isometric contraction.
Therefore, CKC exercises may not provide an adequate
stimulus for optimal quadriceps strengthening. Open
kinetic chain knee extension and flexion exercises, within
an appropriate range of motion as determined by the
underlying pathology, should be used to perform iso-
lated strengthening of the quadriceps and hamstrings.

7. The patellofemoral joint

The patellofemoral joint is a sellar joint between the
patella and the femur [25]. Stability of the patellofem-

oral joint is dependent on the passive and dynamic re-
straints around the knee. l'he medial patellotemoral
igament 1s the primary passive restraint to lateral
patellar translation at 20° ot flexion, contributing
60% ot the total restraining torce |26|. 1he medial
patellomeniscal ligament and the lateral retinaculum
contribute 13% and 10% ot the restraint to lateral
translation of the patella, respectively. The passive re-
straints to medial patellar translation are provided by
the structures that form the superficial and deep lateral
retinaculum. 'The superficial retinaculum consists of fi-
bers trom vastus lateralis and 1liotibial band [27]. The
deep retinaculum consists of the lateral patellotemoral
ligament, the deep fibers of the 1liotibial band, and the
lateral patellotibial ligament [27]. 11ghtness of the lateral
retinacular structures may result in abnormal tracking
or excessive lateral compression ot the patellotemoral
jomt. l'he mability to lift the lateral border of the patella
above the horizontal plane indicates tightness of the
lateral retinaculum |28| and 1s an indication for patellar
mobilization.

The primary dynamic restraint are the quadriceps
muscles. The quadriceps consist of the rectus femoris,
vastus intermedius, vastus lateralis, and vastus medialis.
The vastus medialis can be divided into the vastus me-
dialis longus and the vastus medialis obliquus (VMO).
All of the quadriceps muscles extend the knee except the
VMO, which acts only to stabilize the patella medially
[29]. Historically, treatment of patellotemoral pain has
focused on strengthening the VMO to improve dynamic
patella stability [30,31|. However, there is no conclusive
evidence that specific exercises can be performed to se-
lectively recruit the VMO [32]. It may be that successful
treatment of patellofemoral pain can be achieved by
general quadriceps strengthening exercises.

l'he patella glides superiorly and interiorly on the
femur during extension and flexion ot the knee, respec-
tively. 'T'he total excursion ot the patella from tull knee
extension to full knee flexion 1s 5-7 cm [33]|. Limited
superior glide of the patella may result 1n limited active
knee extension. Limited superior glide of the patella can
be treated with patellar mobilization to improve supe-
rior glide [4]. Limited mterior ghde ot the patella may
result in limited knee tHexion. Limited inferior glide of
the patella can be managed with patellar mobilization to
improve inferior glide [4].

Unly part of the patella articulates with the temoral
trochlea at any given time. The patella is not in contact
with the distal femur in full extension but sits above the
trochlear notch without significant compressive load
[34]. Initial contact between the interior aspect of the
patella and the trochlea occurs at approximately 20° of
fexion |35]. l'he contact area moves proximal as the
knee tlexes so that by 90° of tlexion the superior portion
of the patella contacts the trochlea. Beyond 90° of
flexion the patella rides down nto the intercondylar
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notch and the quadriceps tendon articulates with the
trochlear groove ot the temur. It 1S not until 135° ot
Hexion that the odd tacet ot the patella makes contact
with the medial temoral condyle |34|. L'he location ot a
chondral lesion can influence exercise prescription. For
example, it the patient has a pamntul proximal lesion on
the patella, exercises between 60° and 90° of flexion
should be avoided.

8. Effects of exercise on the patellofemoral joint

Ficat and Hungerford [36] calculated the area of
patellofemoral contact at varying angles of knee flexion.
Patellofemoral contact area increases with increasing
flexion of the knee. The average values were 2.0 cm? at
30° of flexion, 3.1 cm? at 60° of flexion, and 4.7 cm? at
90° of flexion. The increased contact area helps to dis-
tribute compressive forces over a larger area, which re-
duces contact stress.

The patellofemoral joint reaction force (PFJRF) is a
measure of compression of the patella against the femur.
The magnitude of this force depends on the quadriceps
and patellar tendon tension and the angle of knee flexion
[35]. During CKC exercises the flexion moment arm of
the knee increases as the angle of knee flexion increases.
Greater quadriceps and patellar tendon tension 1s re-
quired to counteract the increasing texion moment arm.
1 his results 1 greater PFJKE as the knee fiexes. During
level walking, the PFJRF 1s halt the body weight, when
ascending and descending stairs the torce 1s 3—4 times
the body weight, and during squatting it 1s /—¥ times the
body weight [37]. This information helps explain why
patients with patellofemoral pain experience an increase
in their symptoms during activities involving flexion of
the knee when weight bearing.

During OKC extension, the tlexion moment arm ot
the knee increases and the extensor moment arm ot the
patella decreases |&]. 1his results in the need tor in-
creasing quadriceps force to extend the knee especially
at terminal extension. The large forces needed to achieve
full extension explain why an extensor lag occurs with
quadriceps weakness. Reilly and Martens [37] calculated
the peak PFJRF for OKC knee extension to be 1.4 times
the body weight at 36° of flexion that decreased to half
of body weight at full extension. This explains why
straight leg raises and short arc quadriceps exercises
from 20° to 0° provide maximum stress to the quadri-
ceps with minimal patellofemoral complaints.

Hungerford and Barry [35] compared patellofemoral
contact stresses between OKC knee extension against a
9-kg load and squatting under body weight. The contact
stress was less for OKC knee extension against a 9-kg
load than when squatting under body weight between

90° and 53° of knee flexion. The contact stress were less
when squatting under body weight than when per-
forming OKC knee extension against a 9-kg load be-
tween 0° and 53° of flexion.

Steinkamp et al. [38] compared PFJRF and pa-
tellofemoral contact stress during a leg press with OKC
leg extension exercises at 0°, 30°, 60°, and 90° of flex-
ion. Their results indicated that PFJRF and patello-
femoral contact stress were significantly greater during
OKC leg extension exercise compared to the leg press
between 0° and 45° of knee flexion. Between 50° and
90° of knee flexion, PFJRF and contact stress were
significantly greater for the leg press compared to the
OKC leg extension exercise. The PFJRF for leg press
and OKC leg extension intersected at 48° of knee
flexion.

Both of the above studies indicate that patellofemo-
ral joint stress can be increased or decreased depending
on the mode (OKC or CKC) and flexion angle at which
the exercise is performed. During OKC exercises the
torces across the patella are lowest at YU° ot tlexion [39].
As the knee extends trom YU° ot tlexion the PEFJRF
increases and patellotemoral contact area decreases.
L'his results 1 an mcrease in contact stress with exten-
sion until approximately 20” when the patella no longer
contacts the trochlea. During CKC exercise the forces
across the patella are lowest at 0° ot extension [39]. As
the knee flexes, PFJRF 1ncreases along with the pa-
tellotemoral contact area This results in a decrease in
contact stress initially then an increase in contact stress
with more flexion secondary to the increasing joint
reaction force.

Both OKC and CKC exercises can be utilized in the
treatment of patients with patellofemoral pain if per-
formed within a pain free range. CKC exercises may be
better tolerated by the patellotemoral joint in the range
of 045° of knee flexion. In this range, suggested
exercises 1include step-ups, mini-squats, and leg presses.
OKC exercises may be better tolerated by the patello-
temoral joint in the ranges trom 90-50° and 20-0° ot
knee tlexion. In these ranges, suggested exercises
include short arc isotonics, multiple angle 1sometrics.
straight leg raises, and quadriceps sets. Performing
CKC and OKC exercises in these specific ranges loads
the quadriceps while minimizing stress on the patella.
The evidence suggests that both OKC and CKC exer-
cises should be incorporated into rehabilitation
programs.

9. Summary and conclusion

The anatomy and biomechanics of the knee as well as
their implications for rehabilitation have been reviewed.
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Successful rehabilitation requires the clinician to un-
derstand and apply these biomechanical concepts. When
applied to the rehabilitation process, understanding of
these concepts can maximize patient function while
minimizing the risk for further symptoms or injury.
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