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Summary. The knee is the intermediate joint of the lower limb and it allows the movement between the fe-
mur, tibia and patella. Under normal conditions there is a normal distribution of the load forces on these three 
articular components in both the static load and during ambulation. The understanding of anatomy and knee 
biomechanics is important for the gait analysis, the diagnosis of joint diseases and the design and develop-
ment of prosthetic implants. In the last decades comprehension of knee physiology and kinematics has led to 
the introduction of a wide range of enhanced prosthetic implant designs for a variety of indications. There are 
a number of types of total knee arthroplasty implant designs, which are intended to offer the surgeon options 
for individual patients. The various choices imply that each specific problem has a corresponding implant that 
provides a reliable solution. However, until the current date, it has not been possible to produce a prosthetic 
design fully restoring the complex kinematics of the normal knee joint. (www.actabiomedica.it)

Key words: knee, arthroplasty, biomechanics, prosthesis 

Acta Biomed 2017; Vol. 88, Supplement 2: 6-16 DOI: 10.23750/abm.v88i2 -S.6507 © Mattioli 1885

R e v i e w

The human knee (Figure 1) (1-5)

Bone articular components

The articular surfaces of the knee are curved and 
represented by the medial and lateral femoral condyles, 
which are connected with the corresponding tibial pla-
teaus. The medial tibial plateau is biconcave, unlike the 
lateral that is concave on the front plane and convex 
in the sagittal plane. However, both femoral condyles 
are convex in the frontal and sagittal plane. Therefore, 
the two tibial surfaces, which present a double con-
cave curvature in the frontal aspect, are divided by the 
intercondylar eminence. This structure contains two 
tubercles on which the cruciate ligaments have their 
origin, thus contributing to fix the femur on the tibia. 
The geometric shape of the condyles is the most im-
portant factor for the stability of the knee under loads.

The articular components of the femur, tibia and 
patella, which articulates with the femoral trochlea, are 

covered with hyaline cartilage that allows skeletal ele-
ments to slide and rotate one above the other with a 
low friction. 

The superficial layers of cartilage function like 
deformable bearings and thanks to their visco-elastic 
properties better distribute the loads across the joint. 
In the normal cartilage a close correlation between 
structure and biochemical composition, orientation of 
the fibrils and its biomechanical properties is present.

The chondrocytes are the most represented cells 
of the cartilage and are specialized in the synthesis, 
organization and turnover of extracellular matrix pro-
teins. 

Most of the extracellular matrix proteins are com-
posed of type II collagen and aggrecan, a proteoglycan 
that binds glycosaminoglycans.

A disruption of this equilibrium determines mod-
ifications of biochemical and biomechanical cartilage 
properties with consequent alterations of its tensile ca-
pacities and less possibility of loads absorption.
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The menisci and their functions

The menisci are fibro-cartilaginous structures that 
are interposed between the femoral condyles and the 
tibial plateaus. The lateral meniscus is more circular, 
while the medial is semicircular. Both are thicker at 
the periphery, becoming progressively thinner towards 
the centre of the tibial plateau. The medial is closely 
connected to the medial collateral ligament (MCL), 
while the lateral meniscus has greater freedom of 
movement during flexion and extension. The menisci 
act as joint shock absorbers by distributing evenly the 
load between the medial and lateral compartment. In 
the absence of the menisci the stress per unit area una-
voidably increases. Furthermore, these two structures 
increase joint congruity and diffusion of synovial fluid 
along the articular surfaces.

The ligaments and their functions

Collateral ligaments

The MCL is composed of two layers: superficial 
and deep. During flexion of the knee, the superficial 

vertical fibres are taut, while the posterior and deep 
are unstretched. The opposite happens during the ex-
tension. The primary function of the MCL is to pre-
vent a deviation of the knee during valgus stress. The 
dissection of its superficial component determines a 
significant increase of the deviation in valgus between 
0° and 45° of flexion, as well as external rotation. On 
the other hand, the dissection of deep fibres or deep 
oblique ligaments or the posterior capsule do not in-
crease joint instability during these movements. This 
means that the superficial component of the MCL is 
the main structure that counteracts to the stresses in 
valgus and external rotation and it offers a weak resist-
ance to anterior translation of the tibia. The posterior 
oblique and deep fibres seem to play a secondary role 
as stabilizers.

The lateral collateral ligament (LCL) origin on 
the lateral femoral epicondyle anteriorly to the origin 
of the gastrocnemius muscle. It has a structure similar 
to a cord that passes under the lateral retinaculum to 
insert on the head of the fibula, merging at this level 
with the insertion of the biceps femoris tendon. It pre-
vents the deviation in varus as well as the excessive in-
ternal rotation of the knee. The LCL is taut when the 
knee is extended; as consequence varus laxity increases 
when this joint is flexed. 

The popliteus muscle function is still controver-
sial, but it appears to act together with the meniscus-
femoral ligaments in the control of the external me-
niscus movement during flexion of the knee and at 
the same time it facilitates the external rotation of the 
femur during load. This popliteal-arcuate complex also 
plays a role, together with the LCL and the posterior 
cruciate ligament (PCL), in stabilizing the postero-
lateral corner against varus movements and tibial ex-
ternal rotation.

Cruciate ligaments

The cruciate ligaments of the knee act as articular 
stabilizers, preventing the antero-posterior transla-
tion of the tibia. They also have an important proprio-
ceptive function, due to the presence inside them of 
mechanoreceptors and free nervous terminations.

The anterior cruciate ligament (ACL) is char-
acterized by having a straight anterior conformation 

Figure 1. Anatomy of the knee. A; ligaments between femur 
and tibia. B; menisci (superior view)
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while it is convex in its posterior surface. Its average 
length is 38 mm and its average thickness is 11 mm. 
ACL primary function is to prevent anterior transla-
tion of the tibia on the femur with the knee in flexion; 
it provides up to 85% of this anterior stability.

A secondary function is that of resistance to var-
us-valgus deviations and to internal rotation of the 
tibia, especially between 10° and 30° of flexion. Over 
30° it becomes taut and the internal rotation is limited 
by the antero-lateral and postero-medial capsule.

The PCL has an average length of 38 mm and an 
average thickness of 13 mm. Its main function is to 
prevent posterior translation of the tibia on the femur. 
It is stretched at extremes degrees of flexion and inter-
nal rotation of the tibia. It is composed of two compo-
nents: one anterior, which is the most represented por-
tion, which tightens in flexion, and the other posterior, 
which tightens in extension.

Knee stability and its movements

The overall stability of the knee depends on the 
interaction of the capsule, menisci, ligaments and mus-
cles, the geometry of the articular surfaces and the 
femoro-tibial modifications during loading. These are 
all interdependent between them, thus allowing a nor-
mal motility and, at the same time, an effective stability.

The knee is a modified hinge joint where the lack 
of congruence between the bone surfaces permits six 
degrees of movement, three translational (anterior-
posterior, medial-lateral, and inferior-superior) and 
three rotational (flexion-extension, intra- external ro-
tation, adduction-abduction). The movements are de-
termined by the sliding of the articular surfaces of the 
tibia and femur and the orientation of the four major 
ligaments of the knee.

In particular, the movement of flexion and exten-
sion is the broadest and more important. The first is 
defined as a posterior approaching movement of the 
leg to the thigh, which can be active or passive and 
dependent on the hip position. During the active flex-
ion, the knee can reach 120°-140° with the hip flexed, 
while passively reach up to 160°.

The medial compartment has a contact 1.6 times 
greater than the lateral. Flexion is ensured by a com-
bination of rotation (“roll-back”) and sliding of the 

femur over the tibia. The movements of the articular 
surfaces mainly depend on the conformation and ori-
entation of the articular surfaces and of ACL, PCL, 
MCL and LCL.

The lateral femoral condyle rotates more than 
medial in the first 15°-20° of flexion, because of its 
greater radius of curvature. This different parameter 
of the two condyles, determines a movement of tibial 
internal rotation during flexion. Beyond 20° of flexion, 
slippage on both condyles becomes predominant. On 
the contrary extension is associated to an external rota-
tion of the tibia relative to the femur; this rotation has 
been called “the screw-home movement” and is purely 
passive  and dependent on the articular geometry. The 
menisci, crushed between the articular surfaces in ex-
tension, move posteriorly together with the femur in 
flexion (the lateral more than the medial).

Patellofemoral joint

The patella is a triangular bone in the frontal 
plane, wider at the top and narrower at the bottom. 
The articular surface of the patella has seven facets, 
which are almost divided vertically in third equal parts 
medially and laterally. The articular surfaces of the fe-
mur and the patella are not perfectly congruent. 

The patellofemoral joint has four functions: 
1.  increase the lever arm of the quadriceps
2.  ensure the stability under load
3.  allow the transmission of the force of the 

quadriceps on the tibia
4.  provide a bone protection to the trochlea and 

femoral condyles with the knee flexed.
During flexion of the knee the patella moves dis-

tally on the femur, while it rotates on itself about a 
transverse axis.

The patellofemoral joint contact areas determine 
the capacity of the patella to transmit the load to the 
trochlear surface, that depends on the quadriceps 
muscle activity. The contact between the patella and 
trochlea begins between 10° and 20° of flexion along 
a portion of the medial and lateral facets of the lower 
margin of the patella. With the increase of knee flex-
ion, the contact area increases and moves progressively 
proximally. At about 90° of flexion, the articular sur-
face of the patella come in contact with the lower part 
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of the trochlea. After 120° the patella is in contact with 
the femoral condyles.

The patellofemoral joint stability is ensured by 
anatomical and biomechanical factors, such as the 
trochlear and patellar articular surfaces, as well as 
the muscles around the knee and alar ligaments. The 
quadriceps muscle does not act on a straight line from 
the femoral head to the centre of the patella. The angle 
formed between the line connecting the anterior supe-
rior iliac spine and the centre of the patella and the line 
between its centre and the tibial tuberosity is defined 
as the angle Q. When the knee is totally extended, it 
is only present a small contact between the patella and 
femoral trochlea.

During the first part of the flexion (0°-30°), ad-
ditional stability is provided by the fibres of the vastus 
medialis muscle. Q angle increases with increasing of 
the knee flexion, as consequence of the internal rota-
tion of the tibia and in addition the patella tends to 
lateralize.

The knee in static load and during ambulation (6-10)

The knee joint is subjected to forces both in static 
load both during ambulation. In the first case on the 
femoral and tibial articular surfaces are concentrated 
the reaction forces determined by the lower limb con-
tact with the ground. The optimal condition in which 
there is a uniform distribution of these forces occurs 
when the mechanical and anatomical axis fall within 
normal limits.

The first is defined as the line traced between the 
centre of the femoral head and of the ankle and nor-
mally passes through the centre of the knee in both 
anterior-posterior and latero-lateral views. Instead, 
the anatomical axis originates in the centre of the knee 
from the union between the axis of the femoral and 
the tibial shaft. This line delimitates an obtuse angle 
externally orientated of 172-177° (physiological valgus 
knee angle) (Figure 2).

When this angle increases the knee has a varus 
conformation (Figure 3A); in this situation the lower 
limb mechanical axis moves medially.

On the other hand, when this angle decreases the 
knee has a valgus conformation (Figure 3B) and the 
mechanical axis moves laterally. Finally, in the knee re-

Figure 2. Weightbearing full-length hip-to-ankle X-ray of the 
lower limbs with normal mechanical (dotted line) and anatomi-
cal axis (solid line)
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curvatum (Figure 3C) the mechanical axis is located 
anteriorly with respect to the joint centre.

These alterations of the axes causes a stress in-
crease per unit area and consequently facilitate the 
development of osteoarthritis in the corresponding 
overloaded compartments (Figure 4 and 5).

Even the femoral trochlea and the patella are sub-
jected to load forces in a standing position but much 
more, as previously described, during the movements 
of flexion and extension.

Actually, this articulation is mainly stressed dur-
ing ambulation that begins when the foot touches the 
ground and ends when the same foot touch again the 
ground.

The bipedal gait produces rotational movements 
of each limb segment around the hip, knee, ankle and 
foot. These are the result of the interaction of muscle 

strength and weight around each joint. Through the 
lever arms, the muscles of each limb create a twisting 
moment. The active muscles at the same time operate 
synergistically to produce an internal torque within the 
joint. In static stance, along with the capsule and liga-
ments, muscles oppose to the joint torque produced by 
the weight and, during the swing phase, it creates the 
rotary joint movement that overcomes the weight and 
inertia of the leg.

The knee has to withstand loads developed during 
heel contact with the ground and to provide the forces 
necessary to overcome the inertia of the leg during the 
swing phase. During walking these loads change vary-
ing in amount and direction. During the contact phase 
of the heel, the force is directed postero-superiorly, for 
which the load induces a moment around the articula-
tion that must be countered by the muscles.

Figure 3. A; genu varus with mechanical axis (dotted line) medialized and anatomical axis (solid line) that determines a valgus knee 
angle >172-175°. B; genu valgus with mechanical axis lateralized and anatomical axis that determines a valgus knee angle <172-175°. 
C: genu recurvatum with mechanical axis anteriorized
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It has been calculated that the maximal forces on 
the knee during walking are comprised between three 
and seven times the body weight. These are highest at 
the beginning of the ambulation and are associated 
with the maximum activity of the quadriceps muscle. 
During this phase, there are two other peaks: they cor-
respond to the contractile activity of the hamstrings 
at the beginning of the load and of the gastrocnemius 
muscle just before the contact of the opposite foot.

Design criteria of knee arthroplasty

The history of total knee arthroplasty (TKA) began 
in the 1860s, when Fergusson reported the first resec-
tion for knee osteoarthritis (11, 12). Interpositional ar-
throplasties, using materials such as joint capsules, mus-
cle, fascia and free fascial grafts, were attempted over 
subsequent years, but were ultimately unsuccessful (13). 
The first reports of total joint replacement were made by 

Figure 4. Bilateral varus knee. A; preoperative clinical and 
x-ray views with medialization of the mechanical axis (dot-
ted line). B; intraoperative images with deterioration of the 
cartilage. C; intraoperative view after positioning of the pros-
thesis. D; postoperative radiographs of the right knee
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Thermestocles Gluck in the 1880s, who used  an ivory 
hinged design fixed with a cement made from plaster of 
Paris, pumice and colophony (14, 15). Condylar knee 

designs, in which the femoral and tibial load-bearing 
surfaces are replaced with unconnected artificial com-
ponents, were first investigated in the late 1960s (10).

Figure 5. Left valgus knee. A; preoperative clinical and x-ray views. B; intraoperative images with deterioration of the cartilage. C; 
postoperative radiographs
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The majority of the knee prosthesis that are cur-
rently used are based on the evolution of these systems 
developed in the 1960’s.

The objective of the knee replacement is twofold:
1)  function and kinematics as much as possible 

equal to the normal knee
2)  long-term survival of the implant.
Also the prothesized knee is subjected to com-

pression and shear forces in static load and during 
every movement and walking.

The comprehension of the entity and direction of 
these forces is very important. The choice of adequate 
prosthetic surfaces, a precise capsular-ligamentous bal-
ance, also through accurate bone resections, have the 
aim of minimizing them, thus preserving the bone-
prosthesis interface.

The final long-term result should be a stable, well-
functioning and asymptomatic prosthetic implant.

Depending on the type, location and severity of 
the diseases within the knee joint, several options may 
be considered, including partial and total joint arthro-
plasty (Figure 6).

Partial knee arthroplasty of the patellofemoral joint

Isolated patellofemoral joint (PFJ) pathologies 
accounts for approximately 10% of knee problems, and 
is most common in younger females (16). A variety of 
surgical treatment options are available (chondrocyte 
implantation, microfracture or partial lateral facetecto-
my) if nonoperative measures fail to achieve satisfying 
results (17, 18), with the aim of delaying the necessity 
for arthroplasty. Joint replacement procedures are con-
sidered once both the patellar and femoral sides of the 
PFJ are involved (19, 20).

The first patellar prosthesis was described by Mc-
Keever in 1955, followed by the first femoral compo-
nent 24 years later, as described separately by Lubinus 
and Blazina (21, 22). Enhanced second-generation 
prostheses with a broad symmetrical trochlear flange 
evolved in the 1990s, and the design has been refined 
and updated continually in the intervening years.

Partial knee arthroplasty: unicompartmental prosthesis

Unicompartmental, or unicondylar, knee arthro-
plasty (UKA) is the preferred choice when the inten-

tion is to preserve the intrinsic joint stabilizing struc-
tures, as well as healthy joint compartments (23, 24). 
The general indication for consideration of a UKA 
procedure is based an isolated involvement of either 
the lateral or medial tibial-femoral compartment, 
identified upon clinical and radiographic examination 
(25, 26), without signs of patellofemoral joint disease.

An intact anterior cruciate ligament (ACL) is an 
important prerequisite for UKA, as the altered knee 
kinematics and contact stresses would otherwise in-
crease failure rates (27).

Technique associated factors, mainly the achieve-
ment of correct alignment during surgery, have been 
proven predictive for increased polyethylene wear and 
contralateral progression of arthritis due to undesir-
able peak loads (28, 29). If correctly indicated and 

Figure 6. Different prosthetic knee implants. A; patellofemoral 
joint design. B; UKA implant. C; PCL retaining and substitut-
ing prosthesis. D; mobile-bearing model. E; constrained im-
plants



E. Vaienti, G. Scita, F. Ceccarelli, et al.14

performed, UKA can provide long-lasting successful 
results (30, 31).

Total knee arthroplasty

The first prosthesis designed to replace all three 
knee’s compartments was introduced in 1972 by John 
Insall (the “total condylar prosthesis”) (32, 33). Since 
then, there has been a wide increase in the number of 
TKAs performed annually, even if the results of com-
parative studies into many of the designs have not 
demonstrated the marked improvements in outcomes 
that were expected. The most common types of TKA 
designs are the following.

TKA: cruciate ligament retention versus substitution

Bicruciate retaining prosthesis, since its develop-
ment by Gunston in the middle 1960s, was designed as 
a model to allow for more physiological movement of 
the knee, and throughout the years it evolved in mate-
rials and conception; it may still be a satisfying solution 
in younger patients with more demanding activities, as 
it preserves normal biomechanics (34, 35). Saving both 
cruciate ligaments leads to improved performance, as 
documented by gait analysis and stair climbing (36, 
37). However, the difficult surgical technique and 
concerns regarding prosthetic this design and fixation 
have made the choice for this implant less attractive. 
For this reason, the ACL is routinely sacrificed during 
TKA while the posterior cruciate ligament (PCL) can 
be sacrificed or preserved.

A corresponding prosthetic design, with or with-
out a tibial intercondular prominence, is implanted ac-
cordingly (38). There is no evidence favouring preser-
vation of the PCL over its substitution (39).

Nowadays almost two-thirds of total knee im-
plants that are used preserves PCL, although there is 
an increasing trend towards the PCL substitution.

The reasons are numerous: the need for a roll-back 
in order to increase the lever arm of the quadriceps 
muscle, the preservation of the PCL in combination 
with shallow tibial surfaces favors the arc of flexion, 
the better fixation of the tibial component which is ob-
tained and the simpler surgical technique.

TKA: fixed- versus mobile-bearing

Originating from Fred Buechel’s “floating socket” 
philosophy, mobile bearing in TKA was introduced 
by the two Johns - Goodfellow and O’Connor - who 
described the theoretical principle of decreasing poly-
ethylene wear by increasing implant conformity, and 
surface area for distribution of forces thereby reduc-
ing unidirectional stresses (40, 41). The polyethylene 
components are similar to the menisci. The purpose of 
this project is to minimize the wear and deformation 
of the polyethylene and allow a more physiological 
kinematics, both for the internal-external rotation and 
the anterior-posterior translation; such movements are 
helped by the presence of a tibiofemoral cam, which 
functions as a rear stabilizer and produces a posterior 
translation in flexion.

These theoretical advantages could not, however, 
be substantiated by evidence, since a recent meta-anal-
ysis showed no difference in incidence of aseptic loos-
ening or revision rates between fixed or mobile bearing 
designs (42).

TKA: constrained implants

In patients with fixed valgus or varus deformity, 
constrained devices, such as constrained condylar knee 
and hinge types, may achieve a satisfactory balance. 
The level of constraint can be adapted to the individual, 
with higher constraints reserved for more severe cases 
(43). The choice of the correct degree of constraint is 
based on the ligamentous and bony condition. Hinged 
prosthesis should be preserved for cases of severe liga-
ment disruption and bone loss (44, 45). It is important 
to consider augmentation techniques using cement, 
bone grafts or augments to compensate for bone loss, 
before deciding on further constraint (46).

TKA: gender related designs

There has been a great deal of debate as to the 
effect of gender, due to gender-related anatomic vari-
ability, on the results of TKA (47, 48). The distal femur 
tends to be narrower in females for any given anter-
oposterior dimension (49), and a female-specific sys-
tem was released (Gender- Solutions™, Zimmer Inc., 
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Warsaw, IN, USA). There are, however, larger differ-
ences in femur dimensions between races than be-
tween genders, which complicate the matter (50, 51). 
Studies have not yet demonstrated any benefits with 
gender-specific implants.

Conclusions

TKA is an established surgical procedure and 
its efficacy is well described by literature. However, 
the results of comparative studies into many of the 
designs have not demonstrated, aside from a few in-
stances, the marked improvements in outcomes that 
were expected. Spatial considerations such as soft-tis-
sue balancing, alignment of the leg and restoration of 
the joint line are crucial for achieving good long-term 
outcomes. Surgical options, such as computer-assisted 
surgery and patients-specific instrumentation, which 
can help in component positioning, are available and 
have to be considered.

The considerable advances in the understanding 
of knee anatomy, kinematics and biomechanics during 
the past few decades has led to improvements in the 
design of prosthetic knee implants. The perfect knee 
arthroplasty does not exist but the key of the success of 
this type of surgery depends on the correct balance be-
tween anatomical design and kinematic functionality.
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