Gait Pattern Analysis of an Asian Elephant
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Abstract— Elephants have to maintain stability of a body
weighing 2700 kg — 4500 kg in a wide range of unstructured
terrain conditions. To achieve this, the dynamic walking
control strategies of an elephant should be able to manage the
large inertial forces working on the leg muscles. Therefore,
understanding the gait patterns of an elephant can indicate the
possible robust control strategies that an elephant may be
adopting by exploiting its body dynamics and kinematics. This
paper presents a simple method to analyze the gait patterns of
an elephant using videos and snapshots. In the research, we
have used three Asian elephants to capture videos and
snapshots in order to obtain primary data. Finally, two
outcomes were illustrated. Firstly, the ratios of body segments
of the elephant were calculated using shapshots, and secondly,
movements of the four limbs in the sagittal plane were
measured and graphs were generated against time. Since the
data used here were obtained from the images, errors can be
occurred due to the scale of the image and measuring
techniques. These errors were mitigated by carrying out
appropriate error corrections.

I. INTRODUCTION

Biomechanics of animals provide a good source of
theoretical inspirations to develop kinematic structures and
actuators for robotic systems. Bio inspired robots were built
with this basic concept. Therefore bio robots can be further
developed for task oriented environment to deliver tasks
efficiently which use optimum energy [1],[2].

Generally the body structure of the animal greatly assists
the actuations of the body. For example the gait of the
animal is an overall effect of the body structure and weight
trying to respond to the variability in the dynamics of
walking [3]. Therefore, to initiate a detailed analysis, a
structural analysis should be performed first. The knowledge
of the body structure of the animal provides us evidences to
elaborate kinematics and dynamics of the animal precisely.
There were number of researches conducted for gait analysis
for many quadruped animals such as dogs [4] and biped
animals like frogs [5], and even human [6],[7]. These
experimental data can contribute in robot modeling in terms
of structural designing of robots to respond to the
corresponding conditions [6],[7][8]. On the other hand

kinematics and dynamic analysis contributes to understand
the body mechanisms of animals [9] which can be later used
for clinical purposes and build bio prosthetics in future.

The gait analysis is one of the tasks where a proper
experimental methodology is practiced. There are various
approaches including joint motion measurement, joint
torque assessment, collisional implications assessment using
force platforms [6],[10] electromyographic (EMG) motion
tracking using recording [4],[11] and high speed cine films
[51.[12],[13]. These experiments are usually performed
inside laboratories with very advance devices or organized
setups. Therefore the animal of our interest should be
carried to such places and connect the sensors and apparatus
[13],[14]. The test results are usually displayed on a screen.

One drawback of these methods is when dealing with
large animals or untamed animals, it is impossible to take
them into laboratories. Further it is difficult to attach testing
apparatus such as position sensors or EMG apparatus on
these animals. This paper presents a methodology to analyze
the gait of a large animal without using advance apparatus.

The main objective of this paper is to analyze gait using
snapshots and videos. Elephant has a unique locomotion
pattern which differs from the other quadruped animals
[9].[15],[16]. The stability of the large body while walking
is another important fact. The step size and the frequency of
the footfall and the height of the limb lift up when walking
are important measurements in determining the gait pattern
of the elephant.

Il. PROCEDURE

A. Calculate the dimensions of the body using images

Three elephants were chosen and snapshots were taken
parallel to the elephant maintaining a constant distance
(4.65m) from the center. The length and the height of these
elephants were measured in order to calculate the scale of
the images. Taking the coordinates of the feet while walking
The images were imported to software and the important
points were marked. The coordinates of these points were



taken using a grid to calculate dimensions. The ratio of the
body segments to the height of the head is also calculated
(see TABLE ).

Three grown up elephants were selected. They were walking
on a plain for 30.6m distance at an average speed of 0.8 m/s.
The elephant was taken along a boundary wall and the
camera moved on a path which was marked in the ground
parallel to the boundary wall. The camera was moved
parallel to the path of the elephant following a white mark
on the elephant belly. The time taken to pass the boundary
wall by the elephant and the camera was measured hence the
speeds were calculated. Videos were taken using a 16.1
Mega Pixel camera. These videos were digitized into 30
frames per second. The images were analyzed with respect
to time to track the path of the elephant in x-direction and
the joint movements in y- direction. Figure 1 shows few
digitized images of the movement of left front limb.

When taking a real object to an image the scale should be
known for the dimensions are to be calculated. In order to
compensate this problem the path coordinates obtained from
the image were recalculated according to the following
equation to obtain real coordinates.

Real Coordinate = az(Image Coordinates) 1)
o is the ratio between the real length of the elephant to
corresponding length of the image (10.77).

Note that the value obtained here can be different due to the
zooming percentage of the software used.

A set of
digitized
images were used to obtain the coordinates of the left
forelimb movement. Some of the hind and fore limb
movements were shown in Figure 1. One step of a limb can
be shown on average of 15 digitized images. The elephant

Fig. 1: Set of digitized images used for the analysis
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was filmed by maintaining about 4.5m distance from the
center of the elephant. This video was captured at a location
which has a flat area.

When taking the coordinates of right side limbs a scaling
error will occur due to the fact that the distance from the
camera to the right side limbs differs from that to left side
limbs. Therefore, a proper scale given in equation (2) was
calculated to compensate this effect.

_ Length of the left limb
Length of the right limb
Here, [ is the ratio of image dimensions between of the left

and right limb lengths of the elephant ( 1.089).

@

III. RESULTS AND DISCUSSION

A. Calculate the dimensions of the body using images

The following results were obtained when calculating the
ratios of the body segment lengths according to the
equation 3

_ Length of body segment

7 Height of the head (GH)
y is the ratio between the lengths of the body segments.

3)

As shown in the table 1 the actual length and the height of
the elephant are respectively 4.21m and 2.29m. The scale of
the real dimensions to the image dimensions are 10.79.

TABLE I
RATIO OF THE BODY SEGMENTS AND ORIGINAL LENGTHS OF THE ELEPHANT
segment height (GH)
GH 1.0 0.99
EF 0.8 0.82
FK 2.6 2.60
Trunk 1.9 1.87
I 1.5 1.50
AB 2.0 2.07
CD 2.1 2.12
EK 3.4 3.42
Body Ratio to the Actual Length (m)
segment corresponding leg
height
AB 1.0 2.07
AK 0.65 1.35
KB 0.35 0.73
CDh 1.0 2.12
CM 0.75 1.60
MD 0.25 0.52




Original lengths of the segments were calculated by using
the calculated ratios into actual dimensions. Figure 2 depicts
the body segments of the elephant.

Fig. 3: The elephant body segments: Points A and C are the fore and hind
limb joints of the elephant respectively. The neck is marked as point F .

The behavioral fact that elephants are very alert on every
movement happening around them posed a challenge to data
collection.

Since physical measurement of limb lengths is a difficult
and sometimes dangerous task especially on an untamed
elephant, a more plausible approach would be to define a set
of body proportions that can be used to scale a given
elephant image. Here we present an image based method to
obtain such generalized proportions across a group of Asian
elephants.

The images were taken standing parallel to the center of
the elephant in a constant distance (d). Distance between
the camera and one end of the elephant is different from d.
But the error due to this effect is very small and considered
negligible.

Therefore to obtain real values this image coordinates
were multiplied by the scalar a given in equation (1). The
real coordinates were analyzed with respect to the time and
the following graphs were generated.

B. Taking the coordinates of the feet while walking

Joint coordinates were obtained by analyzing the digitized
images as in Figure 1. These images were imported to a grid
based worksheet and converted to x and y axis coordinates
multiplying the image coordinates by the scalar o given in
equation (1). Then the following graphs in figure 4-8 were
generated.

As described in the procedure section the videos were
captured along a parallel path to the movement of the
elephant following a white mark on the elephant belly. The
results presented here covers a one gait cycle approximately
for 2 sec. Thus during this small time period it is assumed

that the relative motion of the camera and the elephant is
Zero.
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Fig. 4: Foot positions on the horizontal plane during one gait cycle.

The Figure 4 shows the four positions of the active
elephant limbs with respect to the time. Time is measured
with the beginning of the right rear foot. It shows the
duration for the swing phase for each leg. According to the
graph for a complete cycle approximately 0.8-1.0 seconds
an elephant leg travels through the air.

According to the literature the phase difference between
the strides of the elephant is 25% [11],[17]. In Fig. 4 this
phase different can be clearly seen. The time duration of all
four graphs were in 25% phase difference. Therefore the
gait cycle can be deduced from this graph. According to the
graph starting from the right rear foot stride, the gait cycle
completes with right fore foot stride, left rear foot stride and
left fore foot stride during the concerned time.
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Fig. 5: Forward movement of each foot during a gait cycle
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gure 5 shows the total displacement of the four feet  along
the horizontal plane with time. Each leg moves
approximately 1.0 m per 1 step. When one leg is nearly
touching the ground at its stride the consecutive leg initiates
its step. There is a period of about 0.12 sec where only one
leg moves with the other three legs firmly on the ground.
Then the other leg on the same side starts to move so that
two legs on the same side swing forward for about 0.7 sec.
This short time span is no different to a bipedal stance
phase. This is followed by a simultaneous movement of the
leg that started to move later and the diagonaly opposite leg
for another 0.12 sec leading to a single leg swing phase
again. This suggests that the gait pattern tries to achieve
several static and dynamic objectives. The single leg swing
phase tries to distribute the total weight on three legs while
accelerating the body forward. Then the one sided double
support phase may try to swing the zero moment point back
to the other side similar to a biped walker. The diaganal
swing phase apparently exploits the inertia and the diverted
trajectory of the zero moment point to let the body fall
diagonally like an inverted pendulum with minimum extra
effort. The final single swing phase lets three legs on the
ground to make any corrections for stability while
distributing the inertial forces across. Figure 6. Shows the
footfall pattern of the fore foot of the elephant while
walking.
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Fig. 6. Fore foot orientations of the elephant limb of one step.

Figure 6 and 7 were generated by analyzing a set of
digitized images of an elephant video. T;-Ts shows the
movements of the fore foot and rear foot orientations in
every 0.06 sec time durations. These figures represent feet
orientations corresponding to a single step. As shown in
figure 6 the horizontal displacement of the
foot gradually increases over foot posture T4-Ts. The knee
(Joint 3) bends about 90° at T foot orientation.
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Fig. 7: Rare foot orientations of an elephant limb.

Figure 7 shows the rear foot fall pattern. The maximum
angle of the bend of about 45° of the rear knee can be seen in
posute Ts The verticle displacement of rear foot of the
elephant is larger than the fore limb displacement of the

elephant.
0.25 ; ‘

— Left fore leg
= 0.2 e T Left rearleg ||
E — Right fore leg
S & RS o, Right rear leg
€ 0.15 i i ool
o
>
£
o} 0.1 7777777777777
@

a
D005V AT Vs e

25

Fig. 8: Feet movement in y direction plotted against time. It shows
the vertical displacement the four feet

Figure 8 shows the vertical displacement of the four feet
while walking. The dimensions were measured with
reference to the standing posture of the elephant. Therefore
due to the foot fall pattern the variation of the graph which



we can observe here was occurred. The maximum upwards
movements of the rear feet were approximately 0.2 m. The
maximum upwards movements of the fore feet were
approximately 0.16 m. The graph presented in figure 8 was
obtained by analyzing several gait cycles of an elephant. It
shows the vertical displacement of rear legs is greater than
those of fore legs.

IV. CONCLUSIONS

This paper presents the kinematic features of gait pattern
and important kinematic ratios of an Asian elephant based
on cine film motion capture technology.

Kinematic and dynamic analysis of animals was often
performed by using advanced technology under laboratory
conditions [5],[13],[14]. But some occasions may arise
where analysis should be done for untamed or huge animals
which cannot be carried out in laboratories. The procedure
followed here would be advantages for such occasions.
Accuracy of this method has been improved by applying
error compensating methods.

Firstly the error due to scaling of the image was corrected
by calculating a ratio (o)) between the real dimension and the
image dimension of the elephant. The value presented here
can be different with the zoom percentage of the image.
Finally the real coordinates of the elephant leg positions
were obtained by multiplying the observed coordinates by a.

Videos were obtained from the left side of the elephant.
Therefore, an error occurred when reading the coordinates
of four limbs. The distance from the camera to the right side
limbs differes from that to left side limbs. Due to that we
can observe the right side legs are much shorter than the left
side legs in the image. Hence the coordinates of the right
side legs are not accurate. This error was calculated by
obtaining a ratio between the bilateral leg lengths (B),
assuming the bilatteral legs of the elephant are similar in
height. Then the error was compensated by multiplying the
coordinates of the right side leg by .

Videos were captured perpendicular to the center of the
body, parrelel to its’ path.Therefore when reading the
coordinates of the legs an error can be occurred due to
different distances between the camera and the elephant
body. The calculated error was very small and hence it was
neglected.

Finally there are some limitations of this work as follows.
The skin artefacts while moving the animal may have
affected the accracy of the coordinates [18]. When doing an
analysis to measure kinematic parameters such as joint
angles and joint torques of body segments this effect should
be compensated by doing a proper error correction method.
The elephants possess unique walking patterns when it is
closely observed. The duration between steps, orientation of
the feet while walking and application of pressure to the legs
are some of the points which make their unique walking
pattern. Due to some defects of the body or due to changing
environment condition or else in the presence of human,
elephnats’ walking patterns may deviate. Therefore, better
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results can be obtained by data captureandanalysis carried
out in their natural habitats. The elephants used in this
experiment were taken from an elephant riding club where
they behave according to the elephant rider. Therefore, with
an extremely busy environment gait cycle of the elephants
presented here would have been deviated from the natural
gait cycle.

Elephants generally move in fairly low speeds compared

to other quadruped animals. It is also a mechanism where
they use to stabilize their massive body while moving. A
regular digital camera with a 16.1 mega pixel was used to
obtain snapshots and videos. Due to the low moving speed
of the elephant this camera performance was sufficient for
the analysis. Otherwise a high speed cine film should be
used to obtain videos to capture the movements
[SL.[11],[12].
Similar to the other quadruped animals elephant gait also
initializes with rear legs followed by corresponding fore leg.
When analyzing the body structure of the elephant the limb
heights are almost same. But the muscular weight is greater
in rear legs than of fore legs. Thus fore legs are used as
supportive to stabilize the body weight while moving.

About 90 of digitized images were analyzed in order to
do a proper gait analysis of the elephant. Using snapshots
which were taken parallel to the elephant the ratios of the
body segments were calculated. These values were
compared with real values and presented here. The
kinematic ratios obtained using real animals can be used to
scale down kinematic and dynamic properties of real
animals. The gait data would be useful for inverse dynamic
analysis to model bio inspired robots [1],[18],[19].

REFERENCES

[1]  SM. Welihinda, M. G. A.P. Abeyratne, L. Udawatta, and T.
Nanayakkara, “Stable Bipedal Ramp Climbing with Torso”, In Proc.
of the 5th International Conference on Information and Automation
for sustainability ICIAfSf10, Colombo, Sri Lanka, 2010, pp. 337-
342.

T. Nanayakkara, T. Dissanayake, P. Mahipala and K. A. Gayan
Sanjaya , (2008, February). 4 Human-Animal-Robot Cooperative
System for Anti-Personal Mine Detection, Humanitarian Demining,
Available:
http://www.intechopen.com/books/humanitarian_demining/a_human
-animal-robot_cooperative system for anti-
personal_mine detection.

T. Nanayakkara, K. Byl, H. Liu, X. Song, T. Villabona, “Dominant
Sources of Variability in Passive Walking”, IEEE International
Conference on Robotics and Automation, pp. 1003-1010, ICRA
2012, pp. 14-18, May 2012.

J. R. Usherwood, S. B.Williams, A. M. Wilson, “Mechanics of dog
walking compared with a passive, stiff-limbed, 4-bar linkage model,
and their collisional implications”, The Journal of Experimental
Biology, vol. 210, pp. 533-540, 2007.

H. B. John-Alder and R. L. Marsh. “Jumping performance of hylid
frogs measured with high- speed cine films”, Journal of
Experimental Biology. vol.188, pp. 131-14, 1993.

T. Besier, S. Delp, E. Demircan , V. De Sapio, O. Khatib, L. Sentis ,
“Robotics-based synthesis of human motion”, 2009, pp. 211-219.

L. Udawatta, P.G.S. Priyadarshana, and S. Witharana, “Control of
Pneumatic Artificial Muscle for Bicep Configuration Using IBC,” of
Proc. of the 3rd International Conference on Information and

(2]

(3]

(4]

(3]

(6]
(7]



[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Automation for Sustainability ICIAfS’08, Melbourne, Australia,
2007, pp. 35-39.
T. Nanayakkara, F. Sahin, and Mo Jamshidi , (2009, November,19)
Intelligent Control Systems with an Introduction to System of
Systems Engineering (1).
C.T. Farley, T. M. Griffin, R. P. Main, “Biomechanics of
quadrupedal walking: how do four-legged animals achieve inverted
pendulum-like movements?”. The Journal of Experimental Biology
vol.207, 2004, pp. 3545-3558.
G. West, Anatomy Elephant,
http://www.scribd.com/doc/15946771/Anatomy - Elephant,
21-05-2011. 263-270.
R. H. L. Dale, D.J. Famini, M.S. Fischer, J.R. Hutchinson, R. Kram,
H. I. Robert and D. Schwerda . “The locomotor kinematics of Asian
and African elephants: changes with speed and size”, 2006, pp.
3812-3827.
G.A. Cavagna, M. Kaneko, “Mechanical work and efficiency in
level walking and running”. Journal of Physiology, vol. 268, pp.
467-481, 19717.
M. Butler,M. S. Fisher, J. R. Huschinson, C. Miller, H. Paxton, L.
Ren, D. Schwerda, “The movements of limb segments and joints
during locomotion in African and Asian elephants.” Journal of
Experimental Biology, vol. 211, pp. 2735-2751, May 2008.
Available:
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2705974/
T. Nanayakkara, M. N. Halgamuge, P. Sridhar, A. M. Madni,
"Intelligent Sensing in Dynamic Environments Using Markov
Decision Process", Sensors, vol. 11,pp. 1229-1242, 2011.
J. R. Huschinson, and L. Ren, “The three-dimensional locomotor
dynamics of African (Loxodonta africana) and Asian (Elephas
maximus) elephants reveal a smooth gait transition at moderate
speed” , 2007, pp.195-211.
J. R. Huschinson, R. Lair, C. Miller and L. Ren, “Integration of
biomechanical compliance, leverage, and power in elephant limbs”
Auvailable:
http://www.pnas.org/content/early/2010/03/16/0911396107 full.pdf
G. A. Cavagna , J. J. Genin, N. C. Heglund, R. Lair, P. A. Willems,
“Biomechanics of locomotion in Asian elephants”, Journal of
Experimental Biology, vol. 213, pp. 694-706, November 2009
L. Ren, R. Jones , D. Howard, “Whole-body inverse dynamics over
a complete gait cycle based only on measured kinematics”, Journal
of Biomechanics, vol. 41, pp. 2750-2759, 2008.
L. Ren, D. Howard, L. Q. Ren, C. Nester , L. M. Tian. “A generic
analytical foot rollover model for predicting translational ankle
kinematics in gait simulation studies”. Journal of Biomechanics, vol.
43, pp. 194-202, 2010.

226



