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Analysis of fatigue loads of the knee joint during gait

ANDRZEJ A. STEPNIEWSKI*

University of Life Sciences in Lublin, Poland.

Purpose: The aim of the work was to show that the fatigue load of bone tissue causes permanent structural changes in it. Methods: On
the basis of the movie recording of gait, the time courses of angular changes in the joints of the lower limb were determined. Using the
method of transforming Denavit-Hartenberg coordinate systems, the course of force loading the hip joint and, after that, the course of normal
contact reaction of the femoral head of the knee joint during gait for the support phase were determined. On the basis of the Hertz formula,
the course of contact stresses in the femoral joint head and the damage coefficient were determined according to the Palmgren—Miner dam-
age accumulation hypothesis. Results: A calculation example was made using own software. The course of the obtained damage factor
was compared to the image fixed in the X-ray image after its appropriate processing. The thesis of the work has been confirmed to
a satisfactory degree. Conclusions: The nature of the lesions is similar to the image of structural changes in the head of the joint. It should
be assumed that the image fixed in the bone is the result of the stored history of loads. Analysis of the obtained image can be used to

determine the state of bone strength.
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1. Introduction

Walking is the most frequently performed human
activity. The walking cycle begins with the heel
touching the ground (the beginning of the support
phase), rolling the foot, fully touching the foot with
the ground, rolling the foot and lifting the toes from
the ground. At this point, the support phase ends and
the swinging phase begins. The average number of
steps per minute for slow, normal and fast walking is
70, 90, 130, respectively, and the support phase is 0.5,
0.4, 0.3 seconds, respectively, for an average step
length of 0.76 m [1].

The knee joint takes over almost all loads related to
statics and motion dynamics. It is also subjected to
much higher loads, e.g., during running, jumps [2]. It is
the most vulnerable joint for various types of injuries.

When walking, muscles and bones undergo fatigue
stress. Muscle fatigue does not cause permanent and
adverse changes. Properly trained muscle increases vol-
ume and increases the contraction force. The effects

of these changes can only be determined by experi-
mental methods. There are many studies on muscle
fatigue. For example, on the group of 18 people, the
influence of unilateral fatigue of the ankle flexor on
the lower limb biomechanics was studied [3]. Another
study on the group of 20 young women identified
changes in kinematics of the knee, kinetics and stiff-
ness that occur during gait due to nerve-muscle fa-
tigue of the lower limb [4]. In many works, however,
no specific conclusions from the conducted research
have been formulated.

During the support phase, the joints of the lower
limb are periodically loaded, causing permanent fatigue
changes in the bones. The connection of the femur with
the tibia, on a defined section of the joint with a length
depending on the range of angular changes in the joint,
is subjected to cyclic strains causing stresses in the
bone tissue.

Many scientific papers concern the determination
of fatigue strength of bones. Laboratory tests were con-
ducted on human bones [5] and on animal bones [6].
The authors post the results of measurements and simu-
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lations using computer software [7], [8]. Research is
carried out on femurs, tibias, bone fragments cooper-
ating with neighboring bone, fragments cut from half-
length, e.g., [9], cortical or spongy structure. The authors
formulate various and often contradictory conclusions,
mainly concerning the influence of microstructure and
anisotropy on fatigue strength.

A large group of works concerns the determination
of strength for various types of loads (stretching,
compression, shear, bending), Young’s modulus and
Poisson’s ratio.

The value of the Young’s modulus of the trabecular
bone (spongy tissue) from the femoral head is many
times smaller than the Young’s modulus of the corti-
cal bone [1]. The authors of many papers give similar
data on bone strength for bending [10], also for vari-
ous types of loads together with the value of Young’s
modulus.

Joint loads consist of the body's gravity and inertia
forces caused by the movement of the body mass. The
inertia forces depend on the acceleration of the move-
ment of the center of mass of the body, which depends
on the gait speed, individual gait specifity and anat-
omic dimensions. Kinematic gait parameters can be
determined by simultaneous use of theoretical and
experimental methods. To model the kinematics of
walking, it is necessary to experimentally determine
the course of time changes in angles in individual
joints of the lower limb. The results of such measure-
ments can be found in many works, e.g., [11], [12].
A wide variation in the results obtained can be ob-
served, which indicates the individual character of gait.

Static, dynamic and fatigue bone loads are sure to
cause deformations and stresses in the bone tissue.
One can risk the hypothesis that changes in the bone
structure are largely permanent and each subsequent
load causes the accumulation of these changes. In
other words, the history of loads is recorded in bone
tissue. The analysis of these changes by medical spe-
cialists could be useful for assessing bone wear, ex-
isting diseases and movement abnormalities.

The paper attempts to authenticate the hypothesis
that can be accepted or rejected.

2. Methods

To obtain data for calculations, a digital camera
KENOX S860/Samsung with the possibility of
filming was used. In the calculations, the method of
transforming Denavit—Hartenberg coordinate systems
and the Palmgren—Miner fatigue cumulation hypothesis

were used. The obtained results of the calculations were

compared with the record obtained after appropriate

processing of the image of the knee fixed on X-ray
plate. The following order of procedure was used:

1. Motion of the lower limbs was filmed during nor-
mal gait.

2. On the basis of the film record, the coordinates of
the extreme points of angular positions in the hip,
knee and ankle joints were determined.

3. Using a polynomial approximation, time courses
of angular displacements in the joints were deter-
mined, followed by time velocity and acceleration
waveforms.

4. Using the method of transforming Denavit-Harten-
berg coordinate systems, the acceleration of verti-
cal body mass motion was determined in order to
determine the value of the inertia force of the body
mass acting on the hip joint.

5. Using the method of transforming Denavit-Harten-
berg coordinate systems, the course of normal
contact reaction of the femoral head of the knee
joint during gait for the support phase was deter-
mined.

6. On the basis of the Hertz formula, the course of
contact stresses in the femoral head of the femoral
joint was determined.

7. Using of the Palmgren—Miner damage cumulation
hypothesis, the course of the damage factor along
the femoral head was determined.

8. The course of the damage coefficient was com-
pared with the image obtained after the X-ray im-
age was processed.

In this work, due to the high complexity of the
biological structure, the joint was treated as a simpli-
fied flat mechanism. The same geometry and the same
load on both condyles were assumed. The influence of
the joint support phase and pelvic movements was
omitted. Elements of the joint were treated as per-
fectly rigid. Many factors that affect the proper func-
tioning of the joint, such as spatial movement or the
presence of synovial liquid, have not been taken into
account, therefore the results obtained should be re-
garded as approximate. The theoretical analysis of the
knee joint described in the work was used [13]. The
results obtained were analyzed and conclusions were
formulated.

2.1. Displacements, velocities
and angular accelerations in joints

The movement of the lower limb in the sagittal
plane was filmed during normal gait (about 90 steps
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per minute). Markers were affixed to the extremity in
the joints axes and in the heel and toe area of the foot.
Based on 30 film records, the values of five extreme
angular positions in the hip, knee and ankle joints
were determined.

The determined coordinates of the extreme points
Pii(Bri, t;) were matched to the polynomial. The
coefficients «;, were determined from the equations
of matching the polynomial of the degree n = 6 to
the set of five extreme points with the coordinates
Py {Bris t;) and the condition of zeroing of deriva-
tives.
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where:

ar, — coefficients of adjustment of the sixth de-
gree polynomial to changes in the angle of the joints,
k takes values: 1 — hip joint, 2 — knee joint, 3 — ankle

joint,

t; — time of reaching the extreme point i in the
joint k,

Pri — angle value in joint £ at time #;,

Pro — angle value in joint £ at the moment of be-
ginning of the support phase (in time #; = 0, i = 0).

The equations were solved by the Gaussian elimi-
nation method. Having calculated values of coeffi-
cients ay,, displacements, velocities and angular ac-
celerations in joints were determined:

:Bk(t):ﬁk,0+[t2 £t P ]
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2.2. Time course of the force loading
the hip joint

The main load on the hip joints during gait is the
sum of the torso weight force and the inertia force of

the torso mass center. The kinematics of the center of
mass depends on the time course of changes in the
positions in the kinematic pairs of the three joints — hip,
knee and ankle. It also depends on the geometric di-
mensions of the limbs, speed and type of gait. The
time course of force can be determined empirically by
measuring the foot pressure on the ground using force
sensors placed in the footwear. Another possible way
to obtain data to determine the inertia force is to film
the motion of the center of mass and perform a double
differentiation of the course of vertical displacement
versus time. Because of the small displacement of the
center of mass in the vertical axis, this method is not
very precise. The vertical movement of the center of
mass can be determined more accurately (due to larger
displacements) based on temporary displacements in the
three joints of the lower limb. The method of homoge-
nous transformations of Denavit-Hartenberg coordi-
nate systems was used to determine the vertical dis-
placements of the body during gait. The system {xo, yo}
associated with the hip joint was assumed as the refer-
ence system (Fig. 1).

Fig. 1. Lower limb in Denavit-Hartenberg coordinate systems

The matrices of transformations of coordinate sys-
tems will have the form

byey
B,=|s, ¢ bs,|, wherek=1,2,3, (3)
0 0 1

Cr Sk

wherein s, =sinf,, ¢, =cosf,, by — length of the
element £.

The vector of the start position of the coordinate
system associated with the foot (point F of the end of
the large finger) relative to the system assumed to be
immobile {xq, o} determines the relationship
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Ipo= (ﬁBiJrF,F ) “4)

where 1 » =[0 0 1"
After performing the actions defined by the de-
pendence (4), you get
bicy + bycyy + by
Ypo=|bisy+bysiy +b3sy5 |, (5)
1

wheras

¢, =cos(B + B,), ¢5=cos(f+ 5, + ),

S, =sin(B + B,), s;3=sin(f, + B, + ;)

Acceleration of the center of mass of the torso in
the vertical axis is determined by double differentia-
tion of the second row of the matrix (5)

,Blcl - 182251
aF,O(t) =[b, b, bs] B, _ﬁ122S12 ) (6)
Biscis _ﬂ123513

wherein
1812 :,Bl +ﬁz, ,6)13 2181 +ﬁz +1835
Blz =B1 +Bza BB =B1 +Bz +B3'

The acceleration determined by the dependence
(6) is right after the heel is detached from the ground
(point H). Until the heel is detached from the ground,
the calculation is supplemented with a condition, if

|Bys, + bysyy + bysiy| < [bisy + bysiy| = by =0 (7)

The course of the force loading the hip joint during
the walk in the support phase can be defined as

Fo()=m[g+ap ()], @®)

where:
g — gravitational acceleration,
m; — torso mass.

2.3. The course of the contact reaction
of the femoral head

The analysis was carried out for a simplified, flat
model of the knee joint mechanism. In this case, for
the permanent system {xo, o}, a system was adopted
whose x, axis passes through the attachment points

of the cruciate ligaments to the tibia bone (Fig. 2).
To transform vector of r,_, (points with the designa-
tion “0z”), defined in the systems “n” in one of the
vectors r,_, relative to the fixed system {x,, y,}, the
method of transforming Denavit-Hartenberg coordi-

nate systems was also used

roz,O = (H AiJroz,O ’ (9)
i=1

wherein the matrix A; defined with respect to the angles
®; and lengths of the elements /; has the form analo-

gous to the matrix (3), ¥,. o =[X,.0 V.0 Zoz,O]T _ the

vector of the position of the point with the designation
“oz” with respect to the coordinate system “n”.

The coordinates of the position vector of the kine-
matic pair C (0,) in the stationary system are expressed
as follows

X020 by + 1
Yoro |=| Sl sy |, (10)
Z02,0 0
where:

s, =sin(®, +0,),

¢, =cos(0,+0,),

=1,

L=l

Based on Fig. 2, dependency is possible

0,+0,=4+¥Y+0,57, a1

where: ¥ — fixed angle, contained between the line u
parallel to the femur and axis x,.
Based on Fig. 2, it can be written as

132 =(l _x02,0)2 + )’02,02 > (12)
where:
13 = ZCD’
=1

After taking into account dependence (10) and (12),

the following equation was obtained
D, = Ac, + Bys,, (13)

hence the values of angles are determined ®, and ©,

©, = 2atan2(B, ++ A2 + B2 =D} , 4, +D,), (14)
©, =2atan2(B, + A2 + B = D? , 4, + D,), (15)

where:
Ay =2l (e, —1),
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B, =2lLLs,,,

D =171+ ~1; +2Llc,,
4, =20/l =1,

B, =2bs,,

D, =1 -+ -1I;+2llc, .

~G

Fig. 2. Knee joint; geometry, dimensions, reaction of normal

The reaction of the bone contact Ry (f,), was de-
termined from the equation of the equilibrium of
forces in the direction determined by this reaction and
the equation of the sum of moments of forces

,
Roy (f,,0) = Fy (z){cos £y + 2 cos(gy, _502)} , (16)
ap

where:
Hhp=Xpo ~XG0>
_ |aE,F(xP,0 - xE,O) —Ypot yE,0|

l+a, .
E,F

&p =057 —atanay 5, &, =0.57 —atan a; .,

b

wherein agr 1 ags are directional coefficients of
straight lines passing through the points, respectively,

E(xg0, yE0), F(XF0, YE0) i K(xk0, ¥k,0)> S(xs0, ¥s0)-

2.4. Cumulation of stresses

Assuming simplifications resulting from Hertz the-
ory, the contact stresses in the case of mutual pressure of
two pairs of spherical surfaces (convex with concave)
determine the relationship [14]. Assuming that both
joints of the joint are loaded evenly, the relationship
will take the form

2
aH(ﬂz,t)=ls\/o.75Roz[M} . (17)

2
” Fss2tp(1=v7)

where:

E — Young’s modulus of bones,

rsys2 — the radius of the femoral knee joint rg
or rs; depending on the angular position in the knee
joint S,

rp — the radius defined by the contact point K of
the femoral head with the tibia bone,

v — Poisson’s coefficient of bone,

ou(f>, t) — contact stress in the bones of the knee
joint according to Hertz as a function of time ¢ and
angle $, in the joint.

The relationship between the amplitude of stress o
and the number of N, cycles causing damage is repre-
sented by the Wohler curve. In double logarithmic
coordinates, they can be approximated with a straight
line and apply the Basquin equation [15]

oy =R.(2N,)’, (18)

b — exponent of fatigue strength ranging from
—0.15 to —0.05,

N;—number of load cycles to fatigue crack for ten-
sion with oy amplitude,

R. — limit breaking stress after one cycle in static
compression.

From the equation, the number of cycles Nyload oy
causing fatigue fracture can be determined

1

b

N, =0.5[0—f.1] .
RC

The stress oy(f,, t) is calculated with the as-
sumed step of angle $,(¢). The whole range of changes
of f(¢) angle is divided into p ranges from p = 1 to
p = k. In a given interval p angle f,,(f) occur from
i =1 to n, load cycles with different stress amplitude
opp(p2). According to the Palmgren—Miner of stress
summation hypothesis for a given interval p

(19)

n
n
D = L ,
p N
i=1 1 f.p

(20)
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D, — damages after n, stress cycles in the interval p
with the amplitude oy,(5>),

n — the number of phases of the limb support,

n, — number of repetitions of the same range of
changes of f, angle in the interval p during the phase
of supports with different values of y,(5>),

Ny, — number of cycles in the interval p to the fa-
tigue crack for tension with amplitude o,(f).

Finally, based on the dependence (17), (19), (20),
damage D, after n, stress cycles in successive inter-
vals p as a function of the angle () determines the
dependence

Dp(ﬂZ,p’t)

E(rgy/5, —1p)

2 )b
X 1
=N 20 | —3(0.75R,, | —sus2 TTP) 1 oy
; "l ZR \/ 02{’”51/32’%(1_‘/2)}

c

Assuming the value of the fatigue strength exponent
b=-0.1is obtained

E

10 =
n 1 3
D ,1)=8.17-10°) | —
p(ﬂz,p ) ;(R] (1_‘/2)

C
L
S1/82 P
Tsi/s27p
After substituting the values of endurance parameters
for the cortical bone: Young’s modulus £ = 20 GPa,

limit breaking stress R, = 800 MPa, Poisson’s ratio
v =0.39, dependence (22) takes the form of

20

. (22)

20

5% 0y o —Fp |3
Dp(ﬂz,p,t)=1052npRozz(M] . (23)
i=1

Ts1/527p

2.5. The possibility of verification
of calculation results

Loads cause structural changes in the bones. The
intensity of changes depends on the value and fre-
quency of the loads. Certainly walking is the most
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frequently performed activity, so it should cause no-
ticeable structural changes in the bones. These changes
can be read after appropriate X-ray image processing
according to the method described in patent application
PL413247 [16]. The method is very simple. X-ray im-
age made on film should be highlighted with polarized
light. Then the photo should be photographed with a
digital camera. As a result, a color photo with clear
boundaries separating the individual colors is obtained.
Color saturation can be increased by any program for
digital photo processing, e.g., the popular Picture Man-
ager. Each of the colors represents a different bone
structure and allows you to assess the changes and lim-
its of changes in bone structure.

This work uses the described method to verify the
obtained results in terms of the nature and geometry
of structural changes.

2.6. Numerical example

Based on 30 gait films, arithmetic mean values of
the extreme angular positions in the joints of the lower
limb were determined. The results of measurements are
given in Table 1.

The following data was used for the calcula-
tions:

Torso weight m, = 60 kg.

Lower limb: b; =45-10° m, b, =43-107° m, b3 =
22:107° m.

Geometry of the knee joint: I;3 = 4,010 m,
lpe = 23107 m, lep = 4,5:107° m, Lp = 3,810 m,
lgp = 83107 m, r; = 44107 m, rp = 24107 m,
rp=5107m, a; = 110°, o = 160°, y = 28°, ¥ = 52°,

Coordinates of the fastening point of the patellar
tendon in the {xo, yo} system:

xgo=4,5-107m, yzo=-3,0-107 m.

The coordinates of the points relative to the {x,, y,}
system related to the femur:

Xs12=—1,4107m, yg,=-2,2-10" m,

Xs22=-2,0-10°m, y5,=-0,2:10> m,

X62=25-107m, yg, =-32-10" m,

X2 =—4,5-107m, yy,=-10,5-10° m.

Calculations have been made for 5 million cycles n.

Table 1. Values of extreme angular positions in joints (in degrees)

Time #;; [s] 0 0.030 | 0.055 | 0.165 | 0.200 | 0.250 | 0.300 | 0.330 | 0.400
Hip joint §;; [°] 55" 58 - - 96 - - 103 105
Knee joint f,; [°] 8 - 20 4 - - 60 - 0
Ankle joint 85 [°] -90 - - -102 - 75 - -96 —90

* Value in accordance with the dimensioning method adopted by Denavit—Hartenberg.
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3. Results

The results of the calculations are presented in
Figs. 3 and 4. The temporal courses of angular dis-
placements in the joints were obtained on the basis of
the data in Table 1 by fitting to the 6th degree poly-
nomials according to the relation (1). Figure 3a shows
the temporal courses: of force loading the hip joint Fg,
of the angle at the knee joint 5, obtained on the basis

Ro2(x103[N]
Fe|x102[N]
B2/x10 [deg]

= N W RO~

t[s]
0,1 0,2 0,3 0.4

Fig. 3a. Time courses of the joint angle S,(¢),
of the force loading
hip joint F5(¢) and reaction Ry,(?)

of the relationship (8), the reaction Ry, obtained on the
basis of the relationship (16). Figure 3b shows the
course of reaction R, as a function of the angle /5, and
the a course of the damage accumulation coefficient
D,(f,,) (points) for the next 29 intervals of the angle 5,
calculated on the basis of the relationship (24). Figure 4
shows the course of D,(f,) along the curvature of the
bone head and comparison with the image recorded in
the X-ray. The amplitude was adjusted by the use of
a graphic scale.

Dp| Rgz|x103[N]

0,01

= N W A OO -~

B2
60 [deg]

10 20 30 40 50

Fig. 3b. The courses of Ry (f52)
and D,(3,) in the subsequent intervals of p

Fig. 4. Comparison of the course of D,(f,) along the curvature of the head of the bone
with the image obtained after processing the X-ray of the knee joint
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4. Discussion

On the basis of the published works and own
measurements, one can observe a large variation in
the results of changes in angles in the joints of the
lower limb during gait. The way of walking and the
method of loading the knee joint is an individual fea-
ture. Therefore, in this work all data and results con-
cern the same person.

In one support cycle, the same point of contact
(the same value of angle ;) can be loaded once, twice
times, three times and even four times with forces of
different values (Fig. 3b). In order to adjust the wave-
form to the limits separating the colors (Fig. 4), the
scale of the amplitude of the calculated waveform
D, (p>,) was selected.

Authors of many works confirm the relationship
between load and structural changes inside the bone,
e.g., [6], [8]. However, it is difficult to find a study on
the course and nature of these changes, so that they
can be used to compare with the results obtained in
this work.

On the basis of other fatigue strength tests in three
main types of loads (stretching, compression and shear-
ing), human bone obtained from cadavers of six indi-
viduals of different ages, showed that fatigue strength
of cortical bone refers to its internal architecture and
certain physical features [5]. In addition, the work of
other authors draws attention to the geometry of the
bone structure. For example, on the basis of animal
bone tests, it was found that the rate of crack propa-
gation is lower when the internal microstructure is
parallel to the load [6].

In their works, the authors formulate conclusions
that the effect of fatigue loads on the bone adversely
affects their strength properties and the greater the
loads, the greater the degree of destruction of the
“material”’. However, it should be noted that con-
ducting strength tests is only possible on dead bones.
In the case of dead bones, the conclusions can be con-
sidered right. In the case of living tissue, the conclu-
sions formulated contradict the generally known prin-
ciple that training and proper rehabilitation cause an
improvement in the endurance status of bones and
muscles.

It should also be noted that the applied loads in
laboratory tests are not adequate to the most fre-
quently occurring real loads in the human bone sys-
tem. Fatigue strength was tested, among others on
shear [5]. The shear force during compression reaches
its maximum value in the plane inclined at an angle of
45 degrees with respect to the direction of the com-
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pressive force, while in the plane perpendicular to the
direction of the compressive force, the shear stresses
are equal to zero.

Using the computer simulation method (finite ele-
ment method), the “multi-axial load effects” in normal
walking conditions were studied, which is not present
in the so-called real layout. The conclusion was that
fatigue life under the multi-axial load is higher (by
60-80%) compared to uniaxial and does not depend
on the degree of anisotropy. At the same time, it was
also found that the use of multi-axial loads reduced
fatigue life five times [7]. The authors confirmed
Galileo’s well-known and the oldest endurance hy-
pothesis which indirectly states that the strength of the
material is determined by its tensile strength, while
compression (triaxial) is incomparably greater. In
another work with the help of ANSYS, the fatigue
strength of selected areas of the tibia bone was exam-
ined. It was found that the highest loads are in the
upper part of the bone, in the area of contact with the
femur. The authors conclude that fatigue durability has
increased due to the reduction of bone burden. Thus,
they suggest the patient to rest, reduce body weight in
parallel and not lift weights [8]. The applications are
obvious and no research is needed to formulate them.
There are no conclusions regarding the ability of living
tissue to regenerate.

Despite far-reaching simplifications of the knee
joint model, the waveform “found its reflection” in the
obtained color limits. The course obtained is the course
of accumulation of defects, however, in the case of
biological living tissue, the result can not be treated as
an image of permanent damage. In the case of live tissue,
any acceptable load results in beneficial changes leading
to the strengthening of the fragment being trained.
Therefore, the image obtained after processing the
X-ray image can also be interpreted as an image of
bone tissue strengthening.

The final confirmation of the correctness of these
interpretations belongs to specialists in the field of
traumatology and orthopedics. The hypotheses and own
thoughts were used in the work, therefore it should be
emphasized again that the correctness of formulated
assumptions can be questioned.

5. Conclusions

Based on the analysis, the following conclusions can
be formulated:
1. The image obtained on the basis of the X-ray im-
age is similar to the image obtained by the known
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method of elasto-optics and presumably presents
the distribution of fixed structural changes in bone
tissue.

The determined course of changes in the normal
contact reaction can be “adjusted” to the line de-
limiting areas with different ranges of stress values
(borders separating colors), which with a high prob-
ability confirms the thesis that the history of loads
is recorded in of the tissue of bone.
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