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CONCEPTS COVERED

» Knee joint: Structure, movements and degrees of freedom
» Free body diagrams and static analysis

» Calculations of Joint Reaction Forces: solved problems

Good afternoon everybody, welcome to the lecture on the biomechanics of the knee joint.
Now in this lecture, we will be discussing the structure movements and degrees of freedom of
the knee joint followed by free body diagrams and static analysis. And the third topic is on

calculations of joint reaction forces using solved problems.
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Knee joint: Structure

The knee joint is a major load bearing synovial joint in the lower extremity.
Knee is the largest joint and replicates a modified hinge joint,
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The knee joint is a major load-bearing joint in the lower extremity. The knee is the largest
joint and replicates a modified hinge joint. The knee joint is an essential joint in the skeletal
system responsible for human locomotion and is vulnerable to injuries during sports activity.
The knee joint consists of the following joint: the tibiofemoral joint, articulation between
femur and tibia i.e. between the medial and lateral condyles of the femur, and the
corresponding tibial condyles as shown in the figure. The patellofemoral joint, which is an
articulation between the patella and the patellar surface of the femur, is shown here in the

X-ray image.
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Knee Joints: Motions
Knee Joint has 6 degrees of freedom )
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Now, the knee joint has 6 degrees of freedom. In the figure on the left, the three translational
degrees of freedom are shown along with anterior-posterior, medial-lateral, and
superior-inferior directions. The rotational degrees of freedom are the flexion-extension,

Varus-valgus rotation, and axial rotation.

So, this is indicated here also in the slide. Here we see the flexion-extension, the rotational
degrees of freedom, and the Varus-valgus rotation. The anterior-posterior translation is
indicated here in this slide in this figure. The medial-lateral translation is indicated here, as
well as the axial rotation about the vertical axis is also shown in this figure. However, the

predominant movement of the knee joint is flexion-extension.
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Instantaneous Centre of Rotation of the Femur

," The points A and B displace to A’ and B, respectively,
| during movement of the femur.

Their displacements are shown by the
lines AA’and BB'.

Left side view
Perpendicular bisectors of these lines (AA’and BB')
intersect at the instantaneous center of motion (IC) for
the displacement shown.

Right side view |

Semicircular pathway of instantaneous center (IC) in a tibiofemoral joint

Source: Figure adapted from Claessens (2017)

,,,,,

The instantaneous center of rotation of the femur is of prime importance because the location
of this instantaneous center is very important for rigid body kinematics. The pathway of the
instantaneous center of the femur throughout the range of knee flexion and extension is

shown in this figure, the right side view; medial-lateral view.

In a normal knee, this pathway is semi-circular, so we see that with rotation of the femur that
is flexion or extension, the instantaneous center of rotation is rotating along the semi-circular
path. Now, how to find out this instantaneous center of rotation, we will take the help of the

other figure that is presented on the right-hand side of the slide.

So, this is a left-side view of the femur and the tibia. Points A and B, as you can see here, are

points on the femur. The femur is rotated through a small angle and these points are displaced



from A to A’ and B to B* dash during the movement of the femur. The displacement AA"™ and

BB" are shown in the figure.

The perpendicular bisectors of these lines AA™ and BB' intersect at the instantaneous center
of rotation for the displacement shown. Now, clinically a pathway of the instantaneous center
for a joint can be determined by taking successive radiograph images of the joint in different
positions, usually in small intervals of around say 10 degrees throughout, but it has to be
taken throughout the range of motion in one plane. Thereafter, we can apply such a method

for locating the instantaneous center of rotation for each interval of rotation.
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Tibiofemoral Joint

Gliding
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B. Pure sliding of the femur on tibia durin; no change in contact point

C. EW of the femur on tibia during knee extension; change in contact point (knee and femur)
D. Actual knee motion including both sliding and rolling
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Now, let us consider the tibiofemoral joint. We consider the flexion movement in the
tibiofemoral joint of a normal knee. So, in figure A as shown here, we will be discussing the
instantaneous center of rotation of the tibiofemoral joint. So in a normal knee, a line is drawn
from the instantaneous center of the tibiofemoral joint to the tibiofemoral contact point that is
located here, so this line is designated by line P and is perpendicular with the line tangential
to the tibial surface, which is line Q. The arrow indicates the direction of the displacement of
the contact points. Line Q is tangential to the tibial surface, indicating that the femur glides

on the tibial condyles during the measured interval of motion.

Now, in figure B, we see pure sliding of the femur on the tibia during knee extension.
However, there is no change in the contact point between the tibia and femur. In figure C,

which observed pure rolling of the femur on the tibia during knee extension, there is actually



a change in the contact points of the femur and tibia while the femur rolls on the tibia. In

figure D, the actual knee motion, including sliding and rolling is shown.
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Biomechanical Function of the Patella

1) Mechanical advantage:

+ It aids in knee extension, producing anterior
displacement of quadriceps tendon, hence increasing
the moment arm of quadricep muscle force.

+ It allows a wider distribution of compressive
stress on femur, by increasing the area of
contact between patellar tendon and femur.

f) | /i) |
A knee joint (a) without a patella; (b) with patella. During extension, the moment
arm of the quadriceps (QMA) is considerable increased by the patella.

Now, let us consider the biomechanical function of the patella. On the left, we can see two
figures A and B, the figure A shows the knee joint without a patella, and figure B shows the
knee joint with the patella. Now, we can observe that there is a difference in this distance. So,
during extension, the moment arm of the quadriceps tendon is considerably increased due to

the presence of the patella.

So, the mechanical advantages of the patella are, it aids in knee extension producing anterior
displacement of the quadriceps tendon, hence increasing the moment arm of quadriceps
muscle force. It also allows wider distribution of compressive stress on the femur by

increasing the area of contact between the femur between the patellar tendon and the femur.
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Patellofemoral Joint: Anatomy to Mathematical Model
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Source: Van Eijden et al, (1986)

Let us look into more detail regarding the patellofemoral joint. So, on the left-hand side, we
have a figure that represents the anatomy of the patellofemoral joint, and on the right, we
have a mathematical model of the same joint. In this mathematical model, there are some
important anatomical angles like the angle between the quadriceps tendon and the femoral

axis indicated by &.

So, it is this angle between the femoral axis of the femoral tendon and the axis of the femur.
The next angle is the angle between the patellar tendon and the tibial axis. So, this is the axis
of the patellar tendon, and this is the tibial axis, so we need to find out . The third angle is p
and that is defined as the angle between the patellar tendon and the patellar axis. These
anatomical angles corresponding to a flexion angle are necessary for calculations of forces in

the knee joint.
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Patellofemoral Joint: Free body diagram

- The patellofemoral joint is subject to a compressive force that is
( co) the resultant patellofemoral reaction force (PRF) of the patellar
1 tendon force (PTF) and the quadriceps tendon force (QTF).

* The most important variable in the calculation of static
forces is the distance’ (D,) between the line of CG and
the patello-femoral jointcentre (ICR).

Tendo-femoral reaction force (TRF) is between quadriceps tendon and trochlea
Ref: Schindler and Scott (2011)
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Now, let us consider the free body diagram of the patellofemoral joint. The patellofemoral
joint is subjected to compressive forces as indicated here, which is the resultant
patellofemoral reaction force due to the patella tendon force and the quadriceps tendon force.

So, the resultant force is a resultant of these two forces.

The same thing is indicated here by the patellar tendon force PTF, quadriceps tendon force as
QTF. The resultant force passes through the instantaneous center of rotation of the
patellofemoral joint, so the resultant force is indicated here. There is another small force
which is called TRF or tendo-femoral reaction force and that is between the quadriceps

tendon and trochlea, as indicated in the figure.

Now, the weight of the body is acting through the center of gravity and vertically downwards.
The most important variable in the calculation of static forces is the distance D2 which is
indicated here, the distance between the line of the center of gravity and the patellofemoral

instantaneous center that is ICR.
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Patellofemoral Joint: Free body diagram

Changes of posture (leaning forward or backward) will alter the distance (D,) affect static force transmission.
bl e e

Changes in postures either leaning forward or leaning backwards will actually alter the

distance D2, and it will significantly affect the calculations on static force transmission.
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Free body diagram of the Knee joint

_/ > / + Static analysis may be used to determine the forces and
|@ ;’SJ moments acting on the joint
C \ + Asimplified free body technique, as shown, is used to

analyse 3 main coplanar forces
+ The main forces in such a system include,
* Ground reaction force (Force W), /
+ Patellar tendon force (Force P)

+ Joint reaction force (Force J)

Let us now enter into the second topic, the free body diagram of the knee joint. Now, static
analysis may be used to determine the forces and moments acting on the knee joint. So, on
the left, we see a limb segment where the forces are indicated. So, simplified free body
technique as shown in the figure is used to analyze 3 coplanar forces in a two-dimensional
system. The main forces in such a 2D system include the ground reaction force W, the

patellar tendon force P and the joint reaction force J.
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Free body diagram of the Knee joint
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Now, when we consider the forces P individually, the forces P, J, and W, certain things are
known and certain things are unknown. The known quantities are the direction and point of
application of the force P; the magnitude is unknown. For force J joint reaction force, both
magnitude and direction are unknown; only the point of application of this joint reaction
force is known in the form of instantancous center of rotation. For force W, which is the
ground reaction force due to the bodyweight, the direction points or point of application and

magnitude of the W force, all are known.
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Free body diagram of the Knee joint

Since the limb segment is in equilibrium, the lines of action of all the three forces intersect at one point.

The line of action of the force J is found out by connecting the point of

rocep | [FOReE] application of force J and the intersection point, I
orce |
/ %/ Since the force system is coplanar and in static equilibrium, the joint reaction
. force J can be found out using the force triangle method.

In the force triangle method, the length of each side indicates the magnitug
of the forces.

/ Force W

Now, since the limb segment is in equilibrium, the line of action of all the three forces
intersect at one point. They have to intersect at one point, since the limb segment is in
equilibrium. So, from this system of force, the line of action of the force J is found out by

connecting the point of application of this force J and the intersection point I.

This intersection point I is found out by extending the lines of action of force forces P and W,
as indicated in the figure. Since the force system is coplanar and in static equilibrium, the
joint reaction force J can be found out using the force triangle, as indicated in the figure. In

the force triangle method, the length of each side indicates the magnitude of the forces.
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Free Body Diagram of the Knee

The main moments acting about the center of rotation of the tibio-femoral
joint during stair climbing can be easily found out from the free body diagram.

+ The magnitude of the patellar tendon force, P, could be obtained
by considering equilibrium of moment about the joint center,

: Bnls o
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A~ “Wa=Pb

P=Wa/b

The moments acting around the center of rotation of the joint during stair climbing can be
easily found out from the free body diagram shown here. The magnitude of the patellar
tendon force P can be obtained by considering the equilibrium of moment about the joint
center. So, we have the force W acting through a lever arm a, so that creates one moment

around about the joint center here.

There is another force P which is acting through the lever arm b, which is creating a moment
in the opposite direction. So, the two opposing moments Wa and Pb can be equated through
the moment equilibrium equation, and we can find the P force in terms of the dimensions a b

and the weight of the subject W.

M =0
Wa — Pb =0
Wa = Pb

P =Wa/b
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Calculation of Joint Reaction Force

Q1. Figure shows the knee at a static position. Estimate
the quadriceps muscle force necessary to maintain the
knee flexion of 15°, The direction of muscle pull is 60°
with horizontal. The body weight W = 60 kg is known.

+ Considering the moment at the joint center,

ZM:O, &

/ \/ ¥ /
% d,, (WX, =0,

Py x50-Wx60 =0,
0-Wx60

where the Py is the patellar tendon force

or|Py = 20 = 72 kgf o

. T
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Let us now move into the calculation of joint reaction forces. The figure on the right shows
the knee at a static position, so we need to estimate the quadriceps muscle force necessary to
maintain the knee flexion at 15 degrees. The direction of the muscle pull P; is at 60 degrees

with horizontal and the bodyweight is 60 kg.

Considering the moment around the joint center and moment equilibrium, we can actually
write down the equation connecting the patellar tendon force and the weight of the body or
bodyweight W. Now, this force P; is acting at a distance d,, from the joint center, indicated by

d.., whereas the bodyweight is acting through the lever arm X,, as indicated here.

So, X, is the distance between the joint center and the line of action of the body weight. Now,
if we consider the given data of 50 and 60 mm for d,, and X, respectively, we can substitute
these values and find out the patellar tendon force of 72 kg force based on the data given for

this problem.

YM =0,

PTxdm — WxXw = 0,

PTx50 — Wx60 = 0,



where, PT is the patellar tendon force

Or, PT = 5% = 72 kgf

(Refer Slide Time: 23:04)
B 434

A Calculation of Joint Reaction Force

Q2. Figure illustrates forces acting on the lower F;/
leg, while flexing in a sitting position. Find out the
Tibio-femoral contact force and tensile force in

quadriceps muscle,

% i weight of the boot‘/
I i

weight of the lower leg 4
: Tibio-femoral contact force +*
: tensile force in quadriceps muscle
q P! A
+  Centre of gravity of the leg is at B, and that of the boot is at C.

* The line of action of muscle force F,, is oriented at angle 6 with
e,
the long axis of the leg, which in turn is oriented at angle p with
q---!—._.——--—!

the Rorizontal direction.

In the second problem, we consider a person in a sitting posture. This subject is actually
wearing a boot of weight W,. So, the figure illustrates forces acting on the lower leg while
flexing in a sitting position. So, we need to find out for this instant the tibia-femoral joint

contact force or joint reaction force and the tensile force in the quadriceps muscle.

So, the weight of the boot is indicated by W,, and the weight of the lower leg is indicated by
W,. The tibiofemoral contact force F; is indicated in the figure, and the tensile force in the
quadriceps muscle is indicated by F,,. The center of gravity of the leg is located at B and that
of the center of gravity of the boot is at C. The line of action of the muscle force F,, is
oriented at an angle 6 with the long axis of the leg, as shown in the figure. Now, this long

axis, in turn, is oriented at an angle 3 with the horizontal direction.
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Calculation of Joint Reaction Force

¥

The simple mechanical model of the problem
can be constructed as shown

Considering the moment about the O,
Ym,=0, &
S

meaxsine—@—@c@:(), A
(W xb+W,xc)

F, :WX cosp ... (1) ]

The simple mechanical model of the problem can be represented as shown in the free-body
diagram here, where we have the muscle force with the joint reaction force, the weight of the
lower limb, the weight of the boot and the angles 0, B, and the dimensions A, B, C. So,
considering the moment about the joint center O and moment equilibrium, we can write down

the equations of the moments.

So, the first term is the moment of the muscle force, the second term is the moment of the
limb, and the third term is the moment created by the weight of the boot. So, these can be
related through the moment equilibrium equation, from which we can actually express the

muscle force in terms of the related variables as shown in equation (i).

> Mo = 0,

FmXaxsin® — Wixbxcos3 — Wbxcxcosf = 0,

(WIxb+Wbxc)

Fm = axsin®
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Calculation of Joint Reaction Force

Now assuming F; makes an angle a with the
horizontal,

Considering the force equilibrium along X-axis,

ZF,,:& v

Fyxcosa~F,, x cos(f+6) = 0/

I Fyx cosa=F, x cos(p+8) | ()] >

Now assuming the joint reaction force F; makes an angle a with the horizontal, we can
consider the force equilibrium along the X-axis that is the summation of the forces resolved
along the X-axis, and we can write down the equation as shown in this figure. So, F; can be

related to F,, according to equation number (ii).

Y FX =0,

Fjxcosa — FmXcos( + 0) = 0,
Fjxcosa = FmXcos( + 6), ........ (i1)
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Calculation of Joint Reaction Force

Force F; makes an angle a with the horizontal, considering the
force equilibrium along Y-axis.

er=nl
Sy

-F;x sina+ F, x sin(§+0) - (W, + W,) = 0,

| Fyxsina= F,x sin(B+0) - (W, + W,) |(m)/

The force F; makes an angle o with the horizontal, and we can also consider the vertical
component along the Y direction. We can resolve the forces along the Y direction, so we can
write down the equations relating the vertical components of F;, F, and the weight of the limb
and the weight of the boot. So, we finally write down equation (iii) connecting the joint

reaction force and the muscle force in terms of limb weight and the weight of the boot.

YFY = 0,

Fjxsina — Fmxsin(p + 6)+ Wl + Wb = 0,

Fjxsina = Fmxsin(f + 6) — (Wl + Wb), ........ (1i1)
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Calculation of Joint Reaction Force
v :

R
From eqn (ii) and eqn (iii) we get,

F, sin(ff+0)- Wi+ Wb)

tana == -

=

> p L 4 7 " f .
wis the angle at which the joint reaction force is acting,

Assuming the geometric parameters (in terms of hmg,l@and
weight (W) of the person as mentioned below:
Mgt it N v

a=0.08h, b=014h, c=0.28h, 6=18", p=47
v W b el e F, = 0.830W -
(i h N
AL Eney fi=oomw
Substituting the above in the equations (i), (iv) ﬁld (i) we get, a=5978° -

A " A |
I Fo = 0.830W; tana = 1.716,a = 59.78°; F, = 0.697W

Now, from equations 2 and 3 that we had developed earlier, we can actually combine the two
equations and find the expression for tan a, which is the angle at which the joint reaction
force is acting. The angle a is the angle at which the joint reaction force is acting, indicated in

this figure.

Assuming the geometric parameters (in terms of height h and weight W), that is a, b, and c,
which are the dimensions expressed in terms of height. The weight of the limb and the weight
of the boot are expressed as 0.085 W and 0.065 W, respectively. Assuming these two values
and the angle 0 has 18 degrees, and B has 47 degrees, we can substitute this in the equation
and find out the quadriceps muscle forces, the tan a, the inclination angle of the joint reaction
force, and the magnitude of the joint reaction force. So, these three important solutions of the
problem can be obtained in the form of the muscle quadriceps muscle force, the joint reaction

force, and the angle a, the inclination of the joint reaction force, as indicated below:
From eq (ii) and eq (iii) we get,

Fmsin(+6)—(W1+W0) .
Fmcos(B+6) > "(IV)

tanx =

a is the angle which the joint reaction force is acting on

Assuming the geometric parameters (in terms of height,h) and weight (W) of the person as

mentioned below

a=0.08h, b=0.14h, ¢ = 0.28h, 6 =18°, B =47°



Wb = 0.065W, Wl = 0.085W

Substituting the equations (i), (iv) and (ii), we get
Fm = 0.830W, tanx =1.716, x =159.78° Fj = 0.697W
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Knee Joint (Tibio-femoral) Reaction Forces during Normal Walking
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I would now like to present the variation of knee joint reaction force, the tibio-femoral
reaction force during normal walking. So, this is on the X-axis we have the walking cycle,
and on the Y-axis, we have the tibio-femoral joint reaction force; this is the resultant

tibio-femoral joint reaction force.

So, here we see that the resultant peak, resultant joint reaction forces during walking that can
vary between two times body weight to three times body weight. The first peak normally
occurs at 18 percent of the gait cycle. The second peak normally occurs at 57 percent of the
gait cycle. The magnitude of the two peaks is approximately similar and has been reported to
be around two times bodyweight, 200 percent body weight for the first resultant, and around

240 percent of body weight or 2.4 times bodyweight for the second resultant peak.
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Peak Knee joint (tibio-femoral) Reaction Forces during Normal Activities

e SR T

Level walking 21-40 Morrison (1970)

Level walking 33 Wimmer and Andriacchi (1997)
Level walking 34-39 Kuster et al. (1997)

Level walking 26-28 Taylor and Walker (2001)
Level walking 21-34/ Komistek et al. (2005)
Downhill walking ~ 7.0-80 Kuster et al. (1997)
Uphill walking A4 Paul (1976)

Descending stairs  2.9-3.1 .~ Taylor and Walker (2001)
Ascending stairs ~ 24-25 Taylor and Walker (2001)
Jogging 31-36 / Taylor and Walker (2001)
Jogging 41-45 D'Lima et al. (2008)

Now, in this table, the peak joint reaction force, the tibio-femoral joint reaction force during
different activities, have been listed, wherein we can get the maximum knee joint reaction
force. So it can be observed that the range of peak values of knee joint reaction force varies

considerably with the activity.

So, during level walking, we can see that it can vary from 2.6 to about 3.4; during downhill it
goes to about 7 to 8 times body weight; during uphill it goes to a peak of 3.7 times body
weight. During descending stairs, it varies around three times body weight; during jogging, it

may vary from 3.1 times body weight to 4.5 times the body weight.
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Patellofemoral Joint Reaction Force

Force (in % BW)
Walking .~ 0.5 BW v
Cyding 0.5 BW

/ Stair ascend 33BW
" Stair descend 5BW
./ logging 78W
/" Squatting 78w
_/ Deepsquatting 208W

Source: www.physio-pedia.com

The patellofemoral joint reaction force is listed here for different types of activity. As you can
see, it is the reaction force between the patella and the femur joint. During walking and
cycling, this force is quite less because these activities do not involve too much flexion; that
is the reason the patellofemoral joint reaction force is still low as compared to the other
activities like stair ascent, stair descent; it abnormally rises from 3.3 times bodyweight to 5

times body weight.

In jogging, the patellofemoral joint reaction force is predominantly high; 7 times bodyweight.
Normal squatting is also seven times body weight. Deep squatting, as all the squatting are
actually high flexions movement, so, in these squatting (movement), the patellofemoral joint

reaction force can rise up to 20 times the body weight.
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¢+ The knee joint reaction force, depends on
- the gravitational force due to body weight
- the lever arm of gravitational force .~

- the force exerted by the quadriceps muscle and patellar tendon
—_—

CET I
- the lever arms of quadriceps muscle and patellar tendon .

+ The peak tibio-femoral and patella-femoral joint reaction forces, are largely
influenced by the activities performed by a subjel:t.\/

Let us now come to the conclusions of this lecture on knee joint biomechanics. The knee joint
reaction force depends on the gravitational force due to body weight, the lever arm of the
gravitational force, the force exerted by the quadriceps muscle and the patellar tendon, the
lever arms of the quadriceps muscle, and also the lever arm of the patellar tendon. The peak
tibio-femoral and patella-femoral joint reaction forces are largely influenced by the activities

performed by a subject.

(Refer Slide Time: 35:06)

1) Bergmann, G. et al.(2001). Hip contact forces and gait patterns from routine activities. Journal of
Biomechanics, 34:859-71,

2) Shenoy, R., Pastides, P. S. and Nathwani, D. (2013). Biomechanics of the knee and TKR. Orthopaedics
and Trauma 27(6), 364-371.

3) Nordin, Margareta, and Victor Hirsch Frankel. Basic biomechanics of the musculoskeletal system.
Lippincott Williams & Wilkins, 2001.

4) Koehle, M. )., & Hull, M. L. (2008), A method of calculating physiologically relevant joint reaction
forces during forward dynamic simulations of movement from an existing knee model. Journal of
biomechanics, 41(5), 1143-1146, )



5) Taylor, S.J. G., & Walker, P. 5. (2001). Forces and moments telemetered from two distal femoral
replacements during various activities. Journal of biomechanics, 34(7), 839-848,

6) immer, M. A,, & Andriacchi, T. P. (1997). Tractive forces during rolling motion of the knee: implications for
wear in total knee replacement. Journal of biomechanics, 30(2), 131-137,

7) Kuster, M. S., Wood, G. A., Stachowiak, G. W., & Géchter, A, (1997). Joint load considerations in total knee
replacement. The Journal of bone and joint surgery. British volume, 79(1), 109-113.

8) 8. Morrison, J. B. (1970). The mechanics of the knee joint in relation to normal walking. Journal of
biomechanics, 3(1), 51-61.

9) 9. Paul, ). P. (1976). Force actions transmitted hyjoints' in the human body. Proceedings of
the Royal Society of London. Series B, Biological Sciences, 163-172.

10) D'Lima, D. D., Steklov, N., Patil, 5., & Colwell, C. W. (2008). The Mark Coventry Award: in vivo knee
forces during recreation and exercise after knee arthroplasty. Clinical orthopaedics and related
research, 466(11), 2605-2611.

11) Claessens, T. (2017) Finding the location of the instantaneous center of rotation using a particle image
velocimetry algorithm. American Journal of Physics 85, 185.

12) Van Eijden, T. M. G. )., Kouwenhoven, E., Verburg, ., Weijs, W. A. (1986). A mathematical model of
the patellofemoral joint, Journal of Biomechanics, 19 (3), 219-229,

13) Schindler, 0. S., Seott, W. N. (2011) Basic kinematics and biomechanics of the patello-femoral joint.
Part 1: The native patella. Acta Orthopaedica Belgica, 77 (4), 421-431.

14) Wikipedia and https://commons.wikimedia.org/wiki/
15) https://www.physio-pedia.com/

The list of references is indicated here. It is a long list of 3 slides. You can refer to these

references, and thank you for listening.



