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Figure 16. Axial curvature of spine with the creature’s neck
movement (Veteriankey, n.d.)

The processes act as a leverage and hold the creature’s
neck through ligaments, transferring the weight of the
neck to the spine. The only stabilizing structures from
the last thoracic vertebra to the last lumbar vertebra are
muscles and ligaments. Processes create a positive curve
in this area. The positive curve turns negative when the
creature holds its head down, creating tension in the su-
praspinous ligament and compressing vertebrae (Weeren,
2016) (Figure 16).

3.4. Proposed structural models of human and
mammalian spine

Human spine is best represented by a tensegrity model.
Tensegrity models have no joints nor supports and the disks
carry no load. In fact, the vertebrae are not connected di-
rectly and stay in place without touching. Each vertebra in
the spine withstands loads similar to a tetrahedral structure.
The sequence of tetrahedrons and their collective function,
as a static but flexible pole, elucidates the spine function.
The tetrahedral vertebrae are suspended from the pelvis by
ligaments and muscles (Levin, 2002) (Figure 17).

The bow-and-string model is the latest attempt at repre-
senting mammal skeletal system. In this model, the bow rep-
resents the spine and the string indicates the linea alba, the
rectus abdominis muscle, and other attachments. The model
was initially introduced by Barthez in the 18th century; how-
ever, being ahead of its time, it was not widely accepted be-
fore 1946 when it was rediscovered by Slijper (Weeren, 2016).

The bow-and-string model is the only comprehensive
representation of the entire mammal vertebral column
(Figure 18).

In this model, the entire structure is intrinsically ten-
sioned, similar to the archer’s bow, thereby creating a
dynamic balance, under which the changes in one com-
ponent inevitably affect the biomechanical dynamics of
others. Several elements are involved in the dynamic bal-
ance. Gravity is always exerted in the downward direction,
straightening the bow. On the other hand, the contrac-
tion of abdominal muscles works to maintain the bow by
bringing the two ends closer (Weeren, 2016).

Figure 17. A tensegrity model showing the vertebra in place
without touching (Journal of the royal society, n.d.)

Figure 18. The bow-and-string model and the components
representing the horse back movements (Veteriankey, n.d.)

4. Design principles
4.1. Fundamental concept

The first step in the conception of the design idea is to ob-
tain the bridge components from the tetrahedral vertebra.
As could be seen in Figures 19-21, the initial concept was
developed and a scale model was created by an abstraction
of the form of the vertebrae and the function of the spine
as a tensegrity structure, in which vertebrae are suspended
as compressive components in a tensile network.

The initial scale model revealed two remarkable issues
with the concept. Primarily, the unchanging, monoto-
nous, and motionless form of the structure undermine
its attractiveness; secondly, the problematic structural
function that was prone to large deformations. Human
spine, as a vertical structure, is not the best source of
inspiration for mechanics and load transfer in the hori-
zontal structure of the bridge. Accordingly, equine spine
was considered for it is considerably similar to the hu-
man vertebral column, yet at the same time, would help
resolve the deformation problem, thanks to the small but
key differences.
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Figure 20. The three-dimensional initial concept
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Figure 21. Conceptual scale model based on the tensegrity
structure of spine

-

4.2. Completing and correcting the concept

As discussed earlier, when comparing the human and
equine spines, the axial curve changes in the latter as the
horse moves its head up and down, putting the supras-
pinous ligament under tension and creating a negative
curve in the vertebral column by prestressing the verte-
brae. In this configuration, the processes at the two ends
of the equine spine are taller and acts as compressive
leverages. In this case, a certain similarity exists between
equine spine and cable-stayed bridges suspended on two
pylons. The similarity is illustrated in Figure 22.

The initial concept was brought functionally closer to
equine spine by adjusting the pylon heights in tetrahedral
vertebrae, leading to a second concept different from a
tensegrity structure and, more or less, functionally akin
to a cable-held bridge. In the end, the structural form was
modeled after the quadruped skeleton for load transfer us-
ing the Grasshopper plugin in Rhino; additionally, a scale
model was created (Figure 23).

4.3. Structural analysis

In this section, the model was analyzed utilizing Karamba.
Figures 24 and 25 exhibit the graphical results of the
analysis.
The analysis results were as follows:
- 'The stress peaked at the pylons on the two ends of
the bridge whereas the maximum deformation was
found in the middle.
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Figure 22. Similarities between load transfer in the equine
spine and the suspension bridge with two pylons

Figure 23. The longitudinal profile of the site extracted from
Google Earth

Figure 24. The graphical representation of the displacement of
structural members
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Figure 25. Exaggerated deformation under the specified load

- The asymmetry of the bridge plan resulted in differ-
ent structural responses to loading on the two ends.

- Larger-than-expected dimensions were obtained in
some elements.

- The weight of the structure was successfully reduced
by 8% using prestressed cables.

Based on concept analysis results obtained from Ka-
ramba, corrections were made to the structure and the
output was evaluated for stability via SAP2000 to obtain
reliable sections.

These corrections included:

- Making the structure symmetrical to equalize struc-

tural responses to loading on both sides of the bridge.

- Putting a truss curve under the deck to adjust the
load exerted on the pylons.

- Increasing the number of vertical elements from 10
to 14, thereby making the middle spans smaller and
adjusting the loads applied on the members.

- Adding slanted middle cables on both sides of the
deck to adjust the load exerted on the pylons.
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Figure 26 illustrates the changes made to the bridge
structure via SAP2000 in the layout plan.

Figure 27 depict the results of the final analysis. The
analysis showed the loads in different structural ele-
ments. The largest loads are marked with red and the
smallest ones with grey.

Evidently, given the above figures, none of the struc-
tural members were under critical conditions and the soft-
ware managed to find the best design option from the list
of sections.

Figure 28 shows the typology of the prefabricated
structural members that will be installed through bolt
connections.

Figure 29 illustrates the connection of the main
structural components.
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Figure 26. The corrected layout plan of the structure

Figure 27. The graphical representation of the loads in the
structural members
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Figure 28. Typology of the structural components

In the final bridge design, shade sails were employed
for canopy. Figure 30 depicts the final bridge without a
canopy.

Multiple views of the final design are presented in
Figure 31.

Plan and section of the final design are presented in
Figure 32.

Figure 29. Connections between the two groups of main
components and pins and stabilizing cables

Figure 32. The final plan and section
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Conclusions

The evolution and promotion of natural and biological
structures of living organisms has been done during thou-
sands of years of formation and using and evaluating cer-
tain principals governing them, an optimal design can be
achieved. In this research, the possibility of using bionic
ideas in the design of the steel structure of a pedestrian
bridge with the aim of achieving the appropriate form of
the structure was investigated. The study on the body struc-
ture of animals showed that their spine is optimal in terms
of structure and form to withstand the loads. Moreover, if
this structure is utilized in design of human-made struc-
tures, the optimal design could be achieved. Due to the
similarity of the structure and the way of transferring the
load of the bridge deck to the supports, with the structure
of transferring the load of the animals on their legs, the use
of their vertebral column form pattern in the design of the
bridge structure was simulated. To this end, the structure
and form of the vertebral column of horse skeleton was
used to design the elements and the general form of the
structure of the bridge. In the critical area of the bridge
structure, significant bending and shear stresses were cre-
ated, the solution of which was obtained by comparing the
bridge with the skeletal structure of horse. A combination
of truss and tensegrity structure was employed to design
the overall shape of the bridge structure. The initial idea
was analyzed both as a scale model and using caramba and
its functionality and stability were evaluated. Subsequent-
ly, the stability of the bridge skeleton set and the accuracy
of the designed form in terms of placement in the stress
range and permissible deformations were re-evaluated with
Sap 2000 finite-element software. The results revealed that
modeling the shape of an animal’s spine in bridge design
controls stress and deformation and ultimately, provides
the optimal form in the design. In general, it could be
stated that in biological structures, such as the backbone
of animals, load transfer through net pressure and tension,
despite slight bending, is done optimally; by modeling
them in the skeleton design of similar structures, a more
appropriate form would be achieved.
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