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Abstract. The kinematical modifications of human gait associated with
treadmill walking are well studied in the literature. Fewer researches are
focusing on computing the dynamical parameters of the gait, in this
particular situation. Starting from kinematical data recorded in treadmill
walking, the paper proposes an analytical model of the lower limbs that
allows computation of translational and rotational angular momentum for
each segment. The experimental data used in the study were recorded using
ultrasound based, 3D motion equipment. By mean of this system, relative
and absolute angles of the lower limb can be computed using Cartesian
coordinates of each anatomical landmark. The velocities and accelerations
were obtained by numerical derivative. In order to compute the dynamical
parameters, segment masses and inertias were collected from the literature.
The masses are based on percentage of total body weight while the
segment inertias are based on geometrical characteristics of lower limb
segments.

1 Introduction
Instrumented treadmill walking is a non-invasive technique used in diagnosis and
monitoring in patients with conditions like stroke [1], spinal cord injuries [2,3] or lower
limb pathologies [4,5]. Therefore, instrumented treadmill-based gait analysis is a useful tool
for monitoring and motion improvement in patient rehabilitation procedure. There have
been performed numerous studies focused on measuring spatio-temporal, kinematics and
kinetics parameters associated to human gait [6]. Results are highly influenced by the
individual gait pattern, respectively the walking speed [3,7]. Our previous research was
focused on measuring and computing kinematical parameters (absolute and relative angles)
based on experimental data associated to healthy and pathological gait [5].
A main direction in the human motion analysis is to describe the dynamic parameters
associated to human gait. There are studies showing that dynamic parameters such as the
reaction forces and moments were measured based on treadmill belts equipped with force
sensors [8, 10-14] but only few are focused on computing dynamical parameters of the gait,
starting from the kinematical measured parameters [9].
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Some other authors applied nonlinear analysis to the flexion-extension movements of
the human knee both on healthy and osteoarthritic individuals, observing the increasing of
Largest Lyapunov Exponents for the OA patients with respect to healthy subjects [15,16].
The aim of this paper is to compute new parameters associated to human gait based
on the experimental kinematical data. The kinetic parameters considered to be computed
are the angular momentum and the translational momentum,

2 Experimental setup
The measurements were performed on a healthy subject, using Zebris Motion Analysis
equipment from the Laboratory of Motion Analysis within the Politehnica University of
Timisoara.
Using two emitters ultrasounds are produced and received by the markers positioned on
the thigh and foot of the subject’s lower limbs. The anatomical landmarks used in data
recording are positioned according to the Figure 1. The recorded data represents x, y and z
coordinates of each landmark during the time of treadmill walking.

Fig. 1. Equipment setup and anatomical landmarkers of the subject.
Two different walking velocities of one and five km/h were imposed on subject by
mean of electrical treadmill. For each walking velocity 5 trials were recorded. At the end of
the experiment, the time series of coordinates were averaged. Prior to recording trials, the
subject spends 10 minutes of training in order to accommodate with the treadmill. The
sampling rate of the recording system was set to 25 Hz.
Coordinates of each landmarker were determined for a several consecutive motion
cycles. The second step in kinematical part of the study was to compute the anatomical
angles and the derivative parameters of these (by numerical derivation). By using the
moment of inertia described in literature, rotational angular momentum was computed in
relation to the segment’s centre of mass (CoM) and translational angular momentum was
computed in relation to the foot centre of mass. Figure 2 shows the scheme with the steps
followed in the new parameters computation.
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Fig. 2. The scheme for new parameter computation.

3 Analytical approach
Gait kinetics has to be approached according to the gait phases. This because in some
sub phases the fixed point of the reference limb is on ground contact while on other sub
phases the fixed point belongs to the contralateral limb.
The angular momentum of one segment according to a chosen point can be separated [9] in
a sum of two independent components (Figure 3):
 orbital component ( ⃗ ) - computed using the velocity of the center of mass of the
segment, its own mass, and the position vector.
 spin component ( ⃗ ) - computed considering the rotation axis of the segment
passing through the center of mass of the segment.
The paper focuses on establishing the analytical model for computing shank’s kinetic
parameters, according to the foot. The model can be used for pre-swing phase of the gait.
For any other gait phase or lower limb segment, the model should be readapted.

(a) Kinematical parameters considered in pre(b) Kinetic parameters considered in
swing phase;
pre-swing phase;
Fig. 3. Kinematical and kinetic parameters representation for pre-swing phase.
The definitions of angular momentum components are:
⃗

(1)
⃗

⃗

Total angular momentum of the shank can be expressed as it follows:
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⃗

⃗

(3)

⃗

⃗

(4)

⃗

(5)
(6)

{

Where the parameters can be described and defined as presented in Table 1:
Table 1. Parameters used for analytical modeling.

Shank anthropometric parameters [17, 18]

Shank measured parameters

Segment mass [kg], computed as % of
the total body mass

– linear velocity of the center of mass
⃗

Radii of gyration [m], computed as % of
segment length (l) about a transverse axis

- angular velocity according to the
center of mass rotation axis
- mass moment of inertia

% CM – center of mass percentage
according to the segment

- position vector FCM - SCM

XCM and YCM Center of mass coordinates

– foot-shank relative angle

(Xp ,Yp) and (XD,YD) proximal and distal
coordinates of the segment

– absolute angle of the shank respecting
horizontal plane

4 Results
Two kinematical parameters recorded are presented in the figures 4 and 5. Here, the
trajectories of the centre of mass for foot and shank segments are depicted for the two
velocities. The loop shape of each is generated by the lack of progression for the body
centre of mass, due to treadmill walking. The almost horizontal lines of the loops are
representing stance phases while the Y coordinate elevations are belonging to the swing
phases.

a) Low (1 Km/h) velocity;
Fig. 4. Shank CoM trajectory.

b) High (5 Km/h) velocity;
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a) Low (1 Km/h) velocity;
Fig. 5. Foot CoM trajectory.

b) High (5 Km/h) velocity;

Using the landmark coordinates the relative and absolute angles of the lower limb were
computed. Based on these computations, the angular velocities and accelerations were
obtained by numerical derivation. Because of the multitude of parameters that have to be
determined prior to angular momentum, they are not presented in the paper.
Figure 6 shows the spin angular momentum of the shank corresponding to the
investigated velocities. The low values for spin angular momentum are associated with low
angular velocity around shank CoM and low moment of inertia of the shank, respecting the
same axis. The frequencies of the signals are corresponding to the angular frequencies of
movement.

a) Low (1 Km/h) velocity;
b) High (5 Km/h) velocity;
Fig. 6. Spin angular momentum of the shank.
The orbital momentums of the shank computed for the low and high velocities are
presented in Figure 7. The computation of this parameter rely on equation 1 and was
accomplished taking into consideration the foot CoM as reference. The values are around
five times higher than those of spin angular momentum, mainly because of high linear
velocity of the shank’s CoM and large position vector between the two centers.
The total angular momentum of the shank segment was computed as sum of the spin
and orbital angular momentums. Due to the time variation of the initial kinematical
parameters, the kinetic parameters obtained are also functions of time. The summation of
those was done according to the time interval and was possible due to the identical
frequencies of the signals. The results are presented in the figure 8, for the two linear
velocities. It can be observed that increasing the linear velocity of the treadmill up to five
km/h the total angular momentum of the shank doubles.
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a) Low (1 Km/h) velocity;
Fig. 7. Orbital angular momentum of the shank.

b) High (5 Km/h) velocity;

a) Low (1 Km/h) velocity;
Fig. 8. Total angular momentum of the shank.

b) High (5 Km/h) velocity;

5 Conclusions
The treadmill walking presents some particularities with direct influence on spatio-temporal
and kinematical parameters of the gait. This study offers some information regarding the
kinematical parameters of the treadmill gait in close relation to the treadmill’s velocity.
The analytical model permitted to obtain new parameters like angular momentum,
computed using both experimental data and classical mechanics concepts. The computed
data offer more complex information regarding the biomechanics of motion, and therefore
the usefulness in clinical rehabilitation can be extend.
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