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Biomechanical research of knee joint during the process of running
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Abstract: To study the effect of speed on the biomechanics of
a knee joint during running, a biomechanical model of human
lower limb joints is established based on the Kane method and
semi-physical simulation. Experiments on the running process
were made at different speeds for healthy young men. The
influence of running speed on knee joint motion is analyzed
quantitatively and a mathematical model of the knee angle is
established with speed as the independent variable. Results
show that, at the moment of the heel contacting with the
ground, with the increase of speed, the calf stretches forward
more, and the calf and thigh are closer to the same line. In the
middle stage of a gait cycle, the thigh stretches back, and then
the calf and thigh are close to collineation. At that moment,
the stretch of the posterior cruciate ligament is the largest, and
the slower the speed, the more obvious the collineation. The
maximal joint angle of the calf relative to the thigh appears in
the later stage, and the maximal joint angle increases with the
increase of the velocity. With the increase of the running
speed, the phase of the curve of knee angle moves forward.
The results can be used in the field of rehabilitation robotics
and humanoid robot.
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l l uman biomechanics has been one of the important
research fields for many years'' ™. Recently, many
studies on how environment affects the human movement

t®°7. As one of the lower limb

function are carried ou
joints, the knee joint plays an important function during
running. During running, the velocity is one of the most
important parameters, which not only has an influence on
the speed of movement, but has an effect on the charac-
teristics of the joint motion and the kinetics of the
joint®™". In this article, the influence of the running
speed on the biomechanics of the knee joint is studied.

The results are important for the understanding of human
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movement and provide important data and methods for the
application in the fields of rehabilitation robotics and hu-

. 11-15
manoid robots'"' ™.

1 Dynamic Model of Lower Extremity

A gait cycle is composed of support phase and swing
phase. It is defined as the period that the same heel con-
tacts with the ground sequentially twice. In this article,
the left human lower extremity is taken as a reference,
and the moment of the left heel contacting the ground is
defined as the starting point of the gait cycle.

The flexion and extension of the knee joint refer to the
knee movement along the coronal axis. In accordance
with international practice, the knee angle is defined as
the intersection angle of the calf and the thigh in the coro-
nal axis. The Kane method is used to establish the dy-
namic model of the swing and the support phase during
running.

The definition of the body coordinate system is shown
in Fig. 1. In Fig.1, B is the trunk, H, K and A are the
hip joint, knee joint and ankle joint, respectively. H is
the origin of the fixed coordinate system. The hip angle
0, is defined as the angle between the thigh and the verti-
cal axis. The knee angle 6, is defined as the angle be-
tween the calf and the extended line of the thigh. The an-
kle angle 6, is defined as the angle between the foot and
the vertical line of the calf. The angles between x, and

Fig.1 Coordinate system
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x, are taken as generalized coordinates. B, is the internal
coordinate which is defined as B8, =6, - 6,_,(i=2,3). i,
J, k are the base vectors that represent horizontal axis x,
vertical axis y, and axis z which is perpendicular to paper
surface outward, respectively. The velocity v, of each
particle in the system is expressed as the pseudo velocity
u " the coefficient of u,,

i

., that is, partial velocity. v
can be called the r partial velocity of particle i.

The lower extremity dynamic model for the swing
phase is shown in Fig.2. [ is the thigh length, and /, is
the calf length. F|, F, and F, represent the gravity acting
on the thigh, calf and foot, respectively. M,, M,, and
M, are the torque of the hip joint, knee joint and foot.
M}, M, and M/ represent the torques relative to the
thigh, calf and the centroid of the foot, respectively.
F, F, and F, are the inertia forces acting on the thigh,
calf and foot, respectively. M, , M, and M, are the in-
ertia moments relative to the thigh, calf and the centroid
of the foot. The generalized inertia force Kane equations
for the human lower extremity are derived as follows:

F +F = —(m7r+ml +m,[} +J)u, -
(myl,r, + myl,1,)cos(0, — 0,)u, —
myl,rycos( 0, — 6,) u, +
(myl,ry, + myl,1,) sin(6, _01)“2 +

m,l, r,sin( 0, — 6,) us —m, gr,sing, —
m, gl sin@, — m,gl,sing, (1)
F,+F, = —(myl,r, +myL,1)cos(0, - 0,)u, -
(myr; +myl; +J,)u, —myl,r,cos(0; —6,) u, —
m,gr,sing, — (m,l,r, + myL,1,)sin(6, - 0,) u; +
myl,r,sin( 0, — 0,) us —m,gl,sing, + M, - M, =
0 (2)
F,+F; = —m,r,l,cos(0; —0,)u, —m,r,L,cos(0, —6,)u, -

(m3r§ +J3)u'3 —m,r,l,sin( 6, —ﬁl)uf -

m,r,Lsin( 0, — 6,) us —mygrsing, + M, =0 (3)

Fig.2 Dynamic model of unilateral lower extremity

2 Experimental Data and Characteristics Analysis

The functional assessment biomechanics system( FAB)
developed by the Canadian NEODYN company and a
wireless gait phase detection system are applied in this re-
search (see Fig.3). The sampling frequency is 100 Hz.
These systems can capture the human dynamic motion in-
formation by using the multi-information fusion algo-
rithm. The systems have advantages such as high preci-
sion, small volume, convenient wear, wireless transmis-
sion which can collect walking data indoors and outdoors.

(b)

Fig.3 Experimental installation. (a) Functional assessment of bi-
omechanics system; (b) Wireless gait analysis detection system

In our experiment, 20 healthy young men ( height 170
to 183 cm, weight 50 to 90 kg, age 20 to 30) are ran-
domly selected as subjects. These subjects run on the
treadmill at different speeds from 4 to 12 km/h. The ef-
fective data acquisition time for each speed is 30 s. To
avoid errors caused by maladjustment, treadmill running
training should be performed before experiments. The ex-
perimental process is shown in Fig. 4.

Fig.4 The experimental process of running on the treadmill
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A sample (weight 67 kg, height 181 cm) who runs at
12 km/h is selected. The original data of the knee angle
(period for 30 s) is shown in Fig. 5. The experimental
curve in a single gait cycle is obtained after data process-
ing(see Fig.6). The irregular curves (see Fig. 6) result
from the nonstandard actions of experimental subjects.
Fig. 7 shows the average knee angle curve in a gait cycle
( The abnormal curve in Fig. 6 is removed). To make the
data more universal, Fig. 8 shows the curves of the aver-
age experimental data of single cycle of the knee joint ob-
tained from 20 samples who run at different speeds (v)
from 4 to 12 km/h.

Angle/(°)
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Fig.6 The knee angle curves of a sample running at 12 km/h
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Fig.7 The knee angle curve in a cycle

According to the above experimental results, the fol-
lowing conclusions can be obtained:

1) In the early stage of a gait cycle ( the heel contacting
the ground), the knee angle for different velocities first
decreases slightly and then increases slightly, with the
minimum angle greater than 0°. With the decrease of the
running speed, the knee angle will increase at the moment

Angle/(°)
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Fig. 8 The mean curves of knee angle for twenty samples at
different speeds (4 to 12 km/h)

of the heel contacting with the ground. As the speed in-
creases, the knee angle of the heel point contacting with
the ground will decrease. At the moment of the heel con-
tacting with the ground, the more the calf stretches for-
ward, the closer to the same line the calf and thigh are.

2) In the middle stage of a gait cycle (the contralateral
heel contacting the ground), the knee angle first decrea-
ses and then increases. When the second trough appears,
the thigh stretches back to the greatest degree, and the
calf and thigh are close to collineation. Now, the stretch
of the posterior cruciate ligament is the largest, but the
minimum value is still greater than 0°, which means that
no collineation occurs. The slower the speed, the more
obvious the collineation.

3) In the later stage of a gait cycle, the knee joint has
an obvious buckling process, forming a biggish wave
crest. The maximal joint intersection angle of the calf and
the thigh appears from this stage. The maximal joint an-
gle increases with the increase of the velocity.

4) The effect of the speed on the phase can be obtained
from Fig. 8. With the increase of the running speed, the
phase of the curve of the knee angle moves forward.

3 Mathematical Model of Knee Angle Based
on Velocity

The knee angle curve is fitted with the Fourier func-
tion, and the mathematical model of the knee angle is es-
tablished as

4
0, =a, + Z (a,cosiwx + b,;siniwx) (4)
i=1

where the independent variable x is the percentage period
of a gait cycle; a,, a,, b, and w are fitting coefficients.
Tab. 1 shows the fitting function coefficients and the good-

ness of fit of the knee angle curve at different speeds.
The goodness of fit is close to 1. Therefore, the above
functions can be used to characterize the knee angle dur-
ing running. To further study the influence of speed on
the knee joint motion, the regression equation is construc-
ted with the speed as the independent variable and the fit-
ting coefficient as the dependent variable. The results are
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Tab.1 The fitting curve coefficients and goodness of the knee joint angle at different speeds

Speed/(km - h™") 4 5 6 7 8 9 10 11 12
a, 31.13 33.33 34.19 35.08 35.35 36.11 36.6 38.25 38.96
a, 12.1 11.08 8.36 6.722 4.399 2.505 -0.0934 -1.775 -4.731
b, -20.59 -20.84 -20.98 -21.08 -21.51 -22.7 -23.54 -25.46 -26.61
a, -8.493 -9.486 -10.95 -12.31 -13.43 -14.5 -15.63 -15.95 -15.86
b, -9.201 -8.949 -7.89 -6.604 -4.691 -2.716 -0.251 2.163 5.054
as -0.5172  -0.109 9 0.0246  -0.2094 -0.5938 -0.9024 -1.291 -1.603 -2.021
by -1.01 -1.357 -1.643 -1.771 -1.712 -1.763 -1.509 —-1.472 —-1.281
a, 0.6756 0.602 8 0.513 2 0.2736 -0.3066 -0.5444 -0.9983 -1.233 -1.276
b, -0.9855 -1.031 -0.9984 -1.236 -1.16 -1.1 -0.7555 -0.458 4 0.101 9
w 0.063 4 0.063 4 0.063 4 0.063 4 0.063 5 0.063 5 0.063 4 0.063 4 0.063 3
SSE 0.999 9 1 1 0.999 9 1 1 1 1 0.999 9

given as follows:

a, =0.029v’ —=0.720V° +6.457v +15.130  (5)
a, =0.002v’ —=0.087v* —=1.099v + 18 (6)
a, =0.019v’ —=0.374V" +1.096v — 8. 085 (7)
a, =0.011v’ —0.303v* +2.432v - 6.053 (8)
a,=0.011v’ -=0.261v* +1.731v-2.785  (9)
b, = —=0.003 4v’ —=0.042v* +0.629v -22.340 (10)
B, = -0.011v" +0.419v* —2.735v -4.339 (11)
by, = —0.004v" +0.136v* —1.364v +2.548 (12)
b, =0.006v’ —0.093v* +0.425v —1.549 (13)
The fitting curves are shown in Fig.9.
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Fig.9 The fitting coefficients of the model of the knee angle.
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Since the speed variance has little influence on w, the
value of 0. 063 4 is taken as the average value. The math-
ematical model of the knee angle can be acquired by sub-
stituting Egs. (5) to (13) and w into Eq. (4). f(v) is a
function with the speed v as the independent variable.
Fig. 10 shows the experimental curves and the derived
model curves, and these two types of curves are almost
the same. Thus, the established mathematical model f( v)
conforms with the movement of the knee angle. It also
accords with the influence of the speed on the knee joint
motion.
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Fig.10 The experimental result and the derived model result at
different speeds. (a) v=4 km/h; (b) v=5km/h; (¢) v=6 km/h;
(d) v=7 km/h; (e) v=8 km/h; (f) v=9 km/h; (g) v=10 km/h;
(h) v=11 km/h; (i) v=12 km/h

The above method can also be applied to deduce the
mathematical model of the hip and ankle angles. By in-
troducing the mathematical models of the hip, knee and
ankle into the biomechanical Kane equations of the lower
extremity, the analytic expressions of the hip, knee and
ankle torques of the lower limb which vary with the run-
ning speed can be acquired, and the theoretical curve can
be acquired.
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4 Semi-Physical Simulation Model

The biomechanical model of the human lower extremity
is established by using the SimMechanics toolbox of Mat-
lab. The measured data of the hip, knee and ankle angles
are used as the inputs of the model. To conduct the simu-
lation, the body inertia parameters such as height, weight

and inertia are given in the model. The simulation results
of the knee torque of the swing period are obtained. The
theoretical knee torque is obtained by deducing from the
mathematical model of knee angle and the kinetic Kane
equation of the lower extremity motion. It can be seen
from Fig. 11 that the two types of curves coincide with
each other approximately.
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Fig. 11 The simulation results and theoretical results of the knee torque in the swing period. (a) v=4 km/h; (b) v=5 km/h; (c¢) v

=6 km/h; (d) v=7 km/h; (e) v=8 km/h; (f) v=9 km/h; (g) v=10 km/h; (h) v=11 km/h; (i) v=12 km/h

The accuracy of the kinetic equation of the human low-
er extremity which is constructed by the Kane equation
can be verified. Also, the accuracy of the mathematical
model of the joint angle based on speed can be verified.
The average knee torque for 10 samples is acquired by ap-
plying the above method, as shown in Fig. 12. It can be
seen that the amplitude of the knee torque of the swing
phase increases with the increases of the speed, and the
phase of the curve of knee angle moves forward.

5 Conclusion

The biomechanical model of the knee joint is developed.
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Fig.12 The mean curves of the knee torque for multiple sam-
ples at different speeds (4 to 12 km/h)
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The running process of healthy young men at different
speeds is tested. The influence of running speed on the
knee joint motion is analyzed quantitatively, and a mathe-
matical model of the knee angle is established, in which
the speed is an independent variable. Based on the semi-
physical simulation, the accuracy of the biomechanical
model of lower extremity and the mathematical model of
the knee joint angle are verified. The method can be ex-
tended to the study of the hip and ankle biomechanics.
The experimental data and relevant conclusions can pro-
vide reference for rehabilitation robotics, astronaut train-

ing and sports research.
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