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Abstract

Starting from the biomechanics principle, the three-dimensional (3D) composite model of ostrich foot
locomotion system was established using dissection, medical scan modelling, reverse engineering (RE)
and finite element (FE) analysis technology. Simulation calculation on the model under three groups of
different loads was performed. Meanwhile, plantar pressure test on the in vitro ostrich foot was
conducted using plantar pressure measurement system combined with dynamic image analytic system.
Then, the model validity was verified by comparing experimental results with FE simulation. In the end,
stress distribution of bone, cartilage and soft tissue in static standing and dynamic impact state was
calculated using FE method. Result shows: In the static standing state, Von Mises Stress of bone is the
biggest. For a single phalanx, maximum Von Mises Stress and peak value of contact stress decreased
gradually from the proximal to the distal. In a word, the paper contains a detailed study of the FE
analysis on the ostrich foot locomotion system, provide a solid foundation for the research of high speed,
heavy load and shock absorption mechanisms. The paper also provides a theoretical basis for the
research of robot traveling mechanisms and vehicles traversing desert or planetary terrain.
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Introduction
As the only extant didactyl bird, the ostrich exhibits a
permanently elevated metatarsophalangeal joint and are the
fastest terrestrial runner [1]. The peculiar morphological
structure of ostrich foot provides mechanical basis for its
locomotion performance. Metatarsophalangeal joint is a
fundamental storage area of elastic energy that facilitates
absorption of vibration [2].

Modeling on human body parts have been performed by both
domestic and foreign scholars [3-9]. For ostrich, studies were
concentrated on the locomotion kinematics and mechanics,
including, biomechanics of gait and scaling relationship with
body size, [10] mechanical adaptations to economical
locomotion [11], kinematic and kinetic parameters [12],
musculoskeletal specialization relation with locomotion
performance [13], kinematics parameters of terrestrial
locomotion [14], mechanics of cutting maneuvers [15], muscle
moment arms of pelvic limb muscles [16], function of passive
structures in locomotion [17], relationship between body mass
kinetic energy [18], and economical running caused by gait-
specific energetic [19]. In 2011, dynamic pressure distribution
and the relationship between the trajectory of pressure center
and toe position in the stance phase were studied. The

trajectory of the plantar pressure center of the ostrich was J
type through the field experiment. They explored the
macroscopic plantar pressure curve and its dynamic load
distribution [20], which could play a role in the validation of
the model in our paper. To our knowledge, it is impossible to
view the high speed, heavy load and shock absorption
mechanisms by consulting the current literature. Modeling on
human foot has great reference value to that of the ostrich
[21,22].

The study established 3D composite model of ostrich foot
locomotion system, the plantar pressure test was combined
with the FE simulation results. Results shows that the plantar
pressure distribution in the standing state is basically the same
as that of the FE simulation results. The result tends to be
consistent with the previous studies, that is, in the standing
phase, the plantar pressure at the rear side is the biggest,
followed by the front side and the middle. Thus the ostrich foot
model established in this paper was validated. Then, FE
analysis on the stress distribution of bones, cartilages and soft
tissues were performed in static standing and dynamic impact
state. Thus, high speed, heavy load and shock absorption
mechanisms were explored.
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Materials and Methods

FE modeling
The feet of two healthy, freshly slaughtered adult African
Ostriches were selected for FE model reconstruction.
Following the dissection, CT and MRI scanning were
performed to obtain the precise distribution of the structures,
using a Lightspeed 16 Plus Spiral CT scanner and Discovery
MR750 3.0T MRI apparatus. After the scanning process, the
CT/MRI images were generated in DICOM format and then
were processed with Mimics software. Based on the RE
modeling technology, 3D solid model of bones, articular
cartilages and plantar soft tissues that are essential to the
biomechanics performance were established using Geomagic
Studio software. At present, there are two FE modeling
methods for ligament. One is based on the medical MRI image,
the ligament model established by this method is very close to
the anatomical characteristics.

But at the same time, the analytic difficulty and computational
cost of the FE model was raised by this method. The other is
based on the FE software itself, the ligament was simplified by
using truss unit in ABAQUS software [23,24]. This
simplification saved the computational resources and avoided
the generation of abnormal structures. In this paper, ligaments
were simplified due to the complexity of anatomical structure,
which were represented using the truss unit in ABAQUS
software. The number and location of the ligaments were
modelled based on the MRI images and anatomical analysis.
Tendon plays a key role including shock absorption and energy
storing in dynamic locomotion.

The paper conducted the quasi-static ostrich foot analysis in
static standing state, thus there is no analysis about gait cycle.
What’s more, the interaction between bones, cartilages and
ligaments under quasi-static condition was studied, the effect
of tendon could be ignored, thus tendon was not modelled in
this paper. Owing to sparse of research on the mechanical
properties of the ostrich tissues, the mechanical parameters
were replaced by the of human foot. This substitution method
has little effect on the structural performance analysis of
ostrich foot locomotion system. Referring to previous study,
[25] the ostrich foot 3D composite model was obtained (Figure
1a). The model was then meshed in Hypermesh and was
imported into ABAQUS for simulation calculation; the
position of the truss inserted into phalangeal surface was used
to simulate stress concentration of ligament in the extension
process (Figure 1b). Biomechanical properties were attributed
to each part referring to previous literature [26-31] as is shown
in Figures 1 and 2.

Figure 1: a. Ostrich foot composite solid model obtained from
Geomagic Studio; b. The FE model for simulating the foot-support
interface. b31, first phalanx of the 3rd toe; b32, second phalanx of the
3rd toe; b33, third phalanx of the 3rd toe.

Figure 2. Loading and boundary conditions for simulating the
physiological loading on foot.

Table 1. Material properties and element types defined in the FE
model.

Component
s

Element type E (MPa) ν ρ (g/mm3)

Bone 3D-tetrahedra 12800 0.3 1.5 e-3

Cartilage 3D-tetrahedra 10 0.4 1.07 e-3

Ligaments Tension-only
Truss

260 0.49 9.37 e-4

Soft tissue 3D-tetrahedra 1.15 0.49 9.37 e-4

Ground
support

3D-brick 4.67 0.47 9.30 e-4

To simulate load-carrying capability of the Ostrich foot in
stationary standing state, the in vitro ostrich foot which was
fixed into a standing posture was smoothly placed in the
middle of the pressure plate, the standing posture was kept
unchanged in the experiment process. 230 N, 430 N and 630 N,

the three random values were exerted at the top of the
tarsometatarsus using weighs (Figure 2), which were used to
verify the validation of the model. To analyze the distribution
of plantar pressure and Von Mises Stress precisely, model
validity verification is essential. Therefore, Ostrich in static
standing state was analyzed through combination of 2D/3D
locomotion analysis system Simi Motion with plantar pressure
measurement system RSscan. Experimental site was calibrated
referring to the classical method to obtain kinematic data of the
key parts of animal [32]. The 3D calibration frame (0.6 m × 0.4
m × 0.2 m)marking point flash lamp and two high speed
cameras were used in the experiment. The flash lamp was used
to provide signal and synchronize the shooting time of the two
high speed cameras, thus the change of the ostrich foot can be
accurately distinguished. Marking point was used to mark the
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key point of the ostrich foot, thus the kinematic parameters can
be obtained through these marking points, and it is a classical
method to obtain kinematic data of the key parts of animal.
Figure 3 shows Instrument layout on the data acquisition spot.
The moments when readings on pressure plate were 230 N,

430 N, 630 N, respectively were recorded; plantar pressure test
results were compared with simulation results to verify the
model validity. Before each set of external force was applied,
the plantar pressure test system should be adjusted and checked
(Tables 1 and 2).

Table 2. Coefficients of the hyperelastic material used for the encapsulated soft tissue.

C10 C01 C20 C11 C02 D1 D2

0.08556 -0.05841 0.03900 -0.0231 0.00851 3.65273 0.00000

The plantar pressure test system software footscan was
controlled by experimental personnel, the Ostrich foot was
placed on the pressure plate, a constant external force was
applied slowly on the ostrich foot, the plantar pressure test data
was saved until the ostrich foot was stable again. The plantar
pressure test and the acquisition of the 3D image were
conducted simultaneously. The camera of the image analysis
system was controlled by the experimental personnel. In this
way, the plantar pressure distribution and 3D image data of the
ostrich foot was obtained.

Figure 3. Experimental equipment lay out of the on-site data
acquisition system.

FE numerical analysis
In order to probe into the high speed and heavy load
mechanism, numerical analysis in static standing and dynamic
impact state were performed. In the static standing state,
stationary constraints were exerted on the ground support plate,
and 750 N (half weight of Ostrich) was exerted on the
proximal tarsometatarsus. In the dynamic impact state,
stationary constraints was exerted on the proximal
tarsometatarsus, and a 30 m/s vertical upward velocity was
exerted on the ground support plate [33], the calculation time
was set to 0.5 ms. 30 m/s is an approximate value, which is
used to the mechanism probing in the dynamic locomotion
process, the specific value has little effect on the analysis. The
speed will be weakened after impact, the paper ignores the

energy dissipation in the process of running, the speed was
supposed as unchanged before and after impact.

Results

Model validation
The maximum plantar pressure in standing state appears at
posterolateral part of the third toe, followed by the anterior and
the middle part (Figure 4), basically consistent with the in vivo
standing ostrich [20]. In static standing state, when load of 230
N, 430 N and 630 N were applied, peak value of plantar
pressure were 0.07 MPa, 0.09 MPa and 0.10 MPa, respectively,
compared with 0.04 MPa, 0.05 MPa and 0.08 MPa from
RSscan (Figure 5). Because of the simplification of the ostrich
foot in the process of modelling, the complexity of the
organizational structure, the connection of internal part through
various tissues, which plays a controlling role for the ostrich
foot locomotion? Thus, on the whole, we deemed that the
experimental and simulation results are basically consistent,
thus the model established was valid.

Figure 4. The FE predicted plantar pressure distribution under
different loads.
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Figure 5. The ostrich plantar pressure 2D and 3D distribution obtained under different loads.

Calculation results and analysis under static load
Bone stress distribution, displacement and velocity: Von
Mises Stress of bone is the largest, followed by articular
cartilage and plantar soft tissue (Figure 6). Corpus phalangis
bears much than the caput phalangis and basis phalangis,
medial bears much than the lateral, dorsal bears much than the
plantar (Figure 7). The third toe is the main bearing part, while
the fourth toe plays a role of supporting [20]. Posterior
metatarsophalangeal joint is the main bearing part, the stress is
4.61 MPa.

Figure 6. Von Mises Stress nephogram.

Figure 7. Stress distribution. a. Von Mises Stress; b. pressure of bone
(MPa).

Stress analysis on a single phalanx was performed by taking
the first phalange of the third toe for example. Maximum Von

Mises Stress of the medial is bigger than the lateral (Figure
8b), dorsal is bigger than the plantar (Figure 8a). The
maximum and minimum Von Mises Stress of phalanx is
6.04MPa and 0.09MPa (Figure 8c). In addition to articular
surface of caput phalangis and basis phalangis, the maximum
stress appears in the middle finest position, the enquiry value is
1.59 MPa.

The vertical distance between metatarsophalangeal joint and
horizontal support plate was 86.70 mm and 85.03 mm
respectively before and after calculation, fell by 1.67 mm
(Figure 9a). The velocity of the interphalangeal ligament is the
biggest, bigger than 100 mm/s (Figure 9b). The displacement
and velocity of the fourth toe is bigger than the third toe.
Displacement and velocity of dorsal is bigger than the plantar.

Figure 8. Von Mises distribution on the first phalanx of the third toe.

Figure 9. Distribution nephogram. a. displacement (mm); b. velocity
(mm/s) of bone.
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Stress distribution of articular cartilage
Maximum Von Mises Stress on the interphalangeal articular
cartilage contact surface of r312 (distal cartilage of the first
phalange of the third toe), r322 (distal cartilage of the second
phalange of the third toe), r332 (distal cartilage of the third
phalange of the third toe) was 23.23 MPa, 15.33 MPa and
11.57 MPa, respectively (Figure 10). The medial stress is the
biggest, followed by the lateral and the middle. The maximum
Von Mises Stress of the fourth interphalangeal articulation
cartilage on the contact surface was 29.63 MPa, 13.64 MPa,
36.55 MPa and 15.32 MPa, respectively, similar regularity with
the third toe. Similarly, with regard to the interphalangeal
articular cartilage of the fourth toe, the stress distribution
presents similar regularity with that of the third toe (Figure 11).
From the proximal articulation to the distal articulation, the
peak contact stress of the third toe was 51.32 MPa, 44.25 MPa,
38.71 MPa and 35.76 MPa respectively. The peak contact
stress of the fourth toe was 45.80 MPa, 42.23 MPa, 35.63 MPa,
29.53 MPa and 20.99 MPa respectively.

Figure 10. Von Mises Stress distribution of the 3rd interphalangeal
articulation cartilage (MPa).

Figure 11. Peak value of cartilage contact stress on phalanx articular
surface.

Plantar pressure distribution
The maximum plantar pressure appears at the posterolateral
plantar third toe, followed by the anteromedial and the middle
part, a large plantar pressure also appears in the middle of the
fourth toe. The peak stress and maximum Von Mises Stress at
the posterior plantar third toe was 0.154 MPa and 0.071 MPa,
while 0.123 MPa and 0.052 MP at the anterior plantar third toe,
0.070 MPa and 0.048 MPa at the plantar fourth toe (Figure 12).
Through the analysis of plantar pressure distribution, it is
explicitly shows that in static standing state, the third toe plays

a main part of weight-bearing, while the fourth toe plays a part
of keeping balance [20].

Figure 12. Stress distribution. a. plantar pressure; b. plantar Von
Mises Stress (MPa).

Calculation and analysis under dynamic impact
Plantar pressure distribution: The maximum plantar
pressure appears at the posterolateral third toe, followed by the
anteromedial. Among them, peak value of pressure and Von
Mises Stress at the posterior part of the third toe are 56.18MPa
and 6.47MPa, compared with 46.41 MPa and 1.86 MPa
respectively at the anterior third toe. The peak value of plantar
pressure of the fourth digit is 0.59 MPa (Figure 13).

Figure 13. Stress distribution. a. plantar pressure; b. plantar Von
Mises Stress (MPa).

Bone stress distribution: Maximum Von Mises Stress on the
tarsometatarsus is the maximum, namely 0.087 MPa; fourth toe
is the minimum, namely 0.002 MPa (Figure 14). Von Mises
Stress of the third toe is bigger than the fourth toe. In the
process of the plantar region suffered instantaneous impact, the
Maximum Von Mises Stress changed from 6.47 MPa to 0.087
MPa, that is because soft tissue played a key part of buffering
and protecting the inner skeletal structure from damage
effectively; With the distance from metatarsophalangeal joint
becoming smaller and smaller, Von Mises Stress on the
cartilage is becoming bigger and bigger, that is because plantar
soft tissue is thicker near distal phalange, and thick digital
cushion contains inside, buffered the external force passed over
and played a part of energy absorption and cushioning.
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Figure 14. Von Mises Stress distribution of the ostrich foot bone
under dynamic impact.

Articular cartilage stress distribution: According to the Von
Mises Stress analysis of ostrich foot bone, we draw a
conclusion that soft tissue plays a role of cushioning, while the
internal forces are conveyed through articular cartilage, thus, it
is necessary to study the stress distribution of articular
cartilage. Figure 15 shows Von Mises Stress distribution of the
cartilage surface of the interphalangeal joint of the third
toe.The maximum Von Mises Stress values of r34 (cartilage of
the fourth phalange of the third toe), r331 (proximal cartilage
of the third phalange of the third toe), r321 (proximal cartilage
of the second phalange of the third toe), r311 (proximal
cartilage of the first phalange of the third toe) are 0.052 MPa,
0.057 MPa, 0.067 MPa and 0.138 MPa respectively (Figure
15).

Figure 15. Equivalent Von Mises Stress distribution nephogram of the cartilage contact surface of the interphalangeal joint of the third digit
(MPa).

Discussion
The study probed the high speed, heavy load and shock
absorption mechanisms through dissection and FE analysis of
ostrich foot locomotion system. We concluded: stress of the
posterior part of pelma of the third toe is the biggest, followed
by the anterior and intermediate section. In the ostrich foot
locomotion system composite model, Von Mises Stress of bone
is the largest, followed by articular cartilage and plantar soft
tissue. The third toe is the main bearing part. Peak value of the
Von Mises Stress and contact stress on the phalanx decreased
gradually from the proximal to the distal. Plantar soft tissue
plays a role in energy absorbing and cushioning. The study
provides a theoretical basis for research on robotic travelling
mechanisms and vehicles in extreme environments.

However, some limitations are worth noting. The complicated
internal structure provided certain difficulties for modeling,
and limitations to experimental conditions and time meant that
tendon was not established in the model. Tendon plays a
crucial role in the ostrich foot locomotion system, further
exploration should detail this.
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