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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).

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.

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

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.)

�� ���� ��������
������ �

������ �� �������
������ �

������ �� �������
�������

�� ���� ��������
�������

�
 ��������
�� �����


	 ��� ���������� �� �� �
����	���

������������
�
���������������

� � �

� � � � � �



Journal of Architecture and Urbanism, 2021, 45(2): 119–130 127

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.

	– 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.

Figure 19. The tetrahedral structure of the vertebrae 

Figure 20. The three-dimensional initial concept

Figure 21. Conceptual scale model based on the tensegrity 
structure of spine

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

Figure 25. Exaggerated deformation under the specified load
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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 fi nal analysis. Th e 
analysis showed the loads in diff erent structural ele-
ments. Th e largest loads are marked with red and the 
smallest ones with grey.

Evidently, given the above fi gures, none of the struc-
tural members were under critical conditions and the soft -
ware managed to fi nd 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.

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

Multiple views of the fi nal design are presented in 
Figure 31.

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

Figure 26. Th e corrected layout plan of the structure

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

Figure 28. Typology of the structural components

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

Figure 30. Th e fi nal 3D rendition of the bridge without shades

Figure 31. Th e fi nal design

Figure 32. Th e fi nal 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.

References
3dhorse. (n.d.). Horse skeleton 3D model. https://www.3dhorse.

com/collections/3d-animals
Akadiri, P. O., Chinyio, E. A., & Olomolaiye, P. O. (2012). Design 

of a sustainable building: a conceptual framework for imple-
menting sustainability in the building sector. Buildings, 2(2), 
126–152. https://doi.org/10.3390/buildings2020126

Alamy. (2017, April 10). The Union Chain Bridge, crossing the 
River Tweed near Horncliffe, completed in 1820 by Capt Sam-
uel Brown RN. https://www.alamy.com/

Ali El-Zeiny,  R.  M. (2012). Biomimicry as a problem solving 
methodology in interior architecture. Procedia - Social and 
Behavioral Sciences, 50, 502–512. 
https://doi.org/10.1016/j.sbspro.2012.08.054

Al-Sehail, O. (2017). A biomimetic structural form: developing 
a paradigm to attain vital sustainability in tall architecture. 
International Journal of Civil, Environmental, Structural, Con-
struction and Architectural Engineering, 11(3), 322–332.

Aloarchitettiroma. (n.d.). Ponte Musmeci, un’opera d’arte dei nos-
tri giorni: i vincitori del progetto di restauro. http://www.alo-
architettiroma.it/ponte-musmeci-unopera-darte-dei-nostri-
giorni-i-vincitori-del-progetto-di-restauro/

Aziz, M. S., & El Sherif, A. Y. (2016). Biomimicry as an approach 
for bio-inspired structure with the aid of computation. Alex-
andria Engineering Journal, 55(1), 707–714. 
https://doi.org/10.1016/j.aej.2015.10.015

Britannica. (n.d.). Saving the world’s largest trees. https://
www.britannica.com/story/saving-the-worlds-largest-trees

Burgess, S. C., & Pasini, D. (2004). Analysis of the structural effi-
ciency of trees. Journal of Engineering Design, 15(2), 177–193.

Domus. (n.d.). There’s not a single longest bridge in the world. 
https://www.domusweb.it/en/architecture/2020/04/08/theres-
not-a-single-longest-bridge-in-the-world.html

Galbusera, F., & Bassani, T. (2019). The spine: a strong, stable, 
and flexible structure with biomimetics potential. Biomimet-
ics, 4(3), 60. https://doi.org/10.3390/biomimetics4030060

Guideiran. (n.d.). Tabiat Bridge. http://guideiran.com/portfolio/
tabiat-bridge/

Hu, N., Feng, P., & Dai, G. L. (2013). The gift from nature: bio-
inspired strategy for developing innovative bridges. Journal of 
Bionic Engineering, 10(4), 405–414.
https://doi.org/10.1016/S1672-6529(13)60246-2

Yeler, M. G. (2015). Influences of the living world on architectur-
al structures: an analytical insight. Uludağ University Journal 
of The Faculty of Engineering, 20(1), 23–38. 
https://doi.org/10.17482/uujfe.14962

Yin, J., & Yang, W. (2017). Review of the research on “structural 
bionic” method of large sculpture. IOP Conference Series: Ma-
terials Science Enginering, 242, 012083. 
https://doi.org/10.1088/1757-899X/242/1/012083

Jiang, Y., Zhao, D., Wang, D., & Xing, Y. (2019). Sustainable 
performance of buildings through modular prefabrication in 
the construction phase: a comparative study. Sustainability, 
11(20), 5658. https://doi.org/10.3390/su11205658

Journal of the royal society. (n.d.). Design and control of compli-
ant tensegrity robots through simulation and hardware vali-
dation. https://royalsocietypublishing.org/doi/full/10.1098/
rsif.2014.0520

Kawada, T. (2010). History of the modern suspension bridge: solv-
ing the dilemma between economy and stiffness. ASCE Press. 
https://doi.org/10.1061/9780784410189

Korkmaz, K. A., Syal, M., Harichandran, R. S., & Korkmaz, S. 
(2012). Implementation of sustainability in bridge design, con-
struction and maintenance. Michigan Department of Trans-
portation. http://www.michigan.gov/documents/mdot/RC-
1586_413209_7.pdf

Levin,  S.  M. (2002). The tensegrity-truss as a model for spine 
mechanics: biotensegrity. The Journal of Mechanics in Medi-
cine and Biology, 2(3&4), 375–388. 
https://doi.org/10.1142/S0219519402000472

Mann, A. (2012). Spider silk is strong because it’s smart. https://
www.wired.com/2012/02/spider-web-strength/

Martikka, H., & Pöllänen, I.(2012). Design of innovative web 
structures based on spider web optimality analysis. Mechani-
cal Engineering Research, 2(1), 44–63. 
https://doi.org/10.5539/mer.v2n1p44

Max pixel. (n.d.). Nature beautiful sea beauty Seashell Shell 
Shells. https://www.maxpixels.net/Shells-Sea-Beauty-Nature-
Seashell-Beautiful-Shell-1348742

Md Rian, I., & Sassone, M. (2014). Tree-inspired dendriforms 
and fractal-like branching structures in architecture: A brief 
historical overview. Frontiers of Architectural Research, 3(3), 
298–323. https://doi.org/10.1016/j.foar.2014.03.006

https://www.3dhorse.com/collections/3d-animals
https://www.3dhorse.com/collections/3d-animals
https://doi.org/10.3390/buildings2020126
https://www.alamy.com/
https://doi.org/10.1016/j.sbspro.2012.08.054
http://www.aloarchitettiroma.it/ponte-musmeci-unopera-darte-dei-nostri-giorni-i-
http://www.aloarchitettiroma.it/ponte-musmeci-unopera-darte-dei-nostri-giorni-i-
http://www.aloarchitettiroma.it/ponte-musmeci-unopera-darte-dei-nostri-giorni-i-
https://doi.org/10.1016/j.aej.2015.10.015
https://www.britannica.com/story/saving-the-worlds-largest-trees
https://www.britannica.com/story/saving-the-worlds-largest-trees
https://doi.org/10.3390/biomimetics4030060
http://guideiran.com/portfolio/tabiat-bridge/
http://guideiran.com/portfolio/tabiat-bridge/
https://doi.org/10.17482/uujfe.14962
https://doi.org/10.1088/1757-899X/242/1/012083
https://doi.org/10.3390/su11205658
https://doi.org/10.1061/9780784410189
http://www.michigan.gov/documents/mdot/RC-1586_413209_7.pdf
http://www.michigan.gov/documents/mdot/RC-1586_413209_7.pdf
https://doi.org/10.1142/S0219519402000472
http://www.oasys-software.com/blog/author/peter-debney/
https://www.wired.com/2012/02/spider-web-strength/
https://www.wired.com/2012/02/spider-web-strength/
https://doi.org/10.5539/mer.v2n1p44
https://www.maxpixels.net/Shells-Sea-Beauty-Nature-Seashell-Beautiful-Shell-1348742
https://www.maxpixels.net/Shells-Sea-Beauty-Nature-Seashell-Beautiful-Shell-1348742
https://doi.org/10.1016/j.foar.2014.03.006


130 N. Golkar et al. Drawing inspiration from the spine, designing a pedestrian bridge [spine-inspired design...

Mosseri, A. (2004). Structural design in nature and in architec-
ture. In M.  W.  Collins, & C.  A.  Brebbia (Eds.), Design and 
nature II (pp. 589–599). WIT Press.

Qaruni Esfahani, F. (2015). Design in nature: bionic architecture. 
Tehran (in Farsi).

Randau, M., & Goswami, A. (2017). Morphological modularity 
in the vertebral column of Felidae (Mammalia, Carnivora). 
BMC Evolutionary Biology, 17, 133. 
https://doi.org/10.1186/s12862-017-0975-2

Rimma. (n.d.). Laba-laba ternyata punya manfaat yang baik 
untuk rumahmu, kamu sudah tahu? https://www.rimma.
co/66315/inspiration/home/laba-laba-ternyata-punya-man-
faat-yang-baik-untuk-rumahmu-kamu-sudah-tahu/

Sabetghadam, Z., Alami, B., Sadeghpour, A., & Pachenari, A. 
(2018). Form optimization of truss columns with inspiration 
from the helix bone structure. Journal of Iranian Architecture 
& Urbanism, 9(16), 157–168 (in Farsi).

Sadeghpour, A., Divandari, J., & Golkar, N. (2017). A bionic ap-
proach to footbridge design [Conference presentation]. 11th 
International Assembly of Civil Engineering, Tehran, Univer-
sity of Tehran (in Farsi).

Sarikaya, M. (1994). An introduction to biomimetics: a struc-
tural viewpoint. Microscopy Research and Technique, 27, 360–
375. https://doi.org/10.1002/jemt.1070270503

Snappygoat. (n.d.). Brooklyn Bridge. https://snappygoat.com/
free-public-domain-images-brooklyn_bridge_bridge_new/

Soma movement studio. (n.d.). Nerdilates (pilates for nerds). 
http://www.aloarchitettiroma.it/ponte-musmeci-unopera-
darte-dei-nostri-giorni-i-vincitori-del-progetto-di-restauro/

Structurae. (2002, June 9). Nesenbach Valley Bridge. https://struc-
turae.net/en/media/2261-nesenbach-valley-bridge

Structurae. (2008, April 14). Dragon Bridge. https://structurae.
net/en/structures/dragon-bridge

Structurae. (n.d.). Campo Volantin footbridge. https://structurae.
net/en/structures/campo-volantin-footbridge

Taghizadeh, K., & Bastanfard, M. (2012). The anatomy of a human 
body, a model to design smart high building. Science and Tech-
nology, 2(1), 8–14. https://doi.org/10.5923/j.scit.20120201.02

Technolite. (n.d.). Architectural. https://meinhardtgroup.com/
offices/singapore/

Veteriankey. (n.d.). The neck and back. https://veteriankey.com/
the-neck-and-back/

Vincent, J. F. V. (2001). Stealing ideas from nature. In S. Pellegri-
no (Ed.), Deployable structures (pp. 51–58). Springer. 
https://doi.org/10.1007/978-3-7091-2584-7_3

Weeren, R. V. (2016). Kinematic of the equine back and pelvis. 
https://veteriankey.com/kinematics-of-the-equine-back-and-
pelvis/

Wikipedia. (n.d.). Margaret Hunt Hill Bridge. 
https://en.wikipedia.org/wiki/Margaret_Hunt_Hill_Bridge

Zolfaghari, N. (2015). A comparison of human and equine 
anatomies (in Farsi). http://www.paddock.ir/knowledge.
asp?pid=2&tid=972&title=

https://doi.org/10.1186/s12862-017-0975-2
https://www.rimma.co/66315/inspiration/home/laba-laba-ternyata-punya-manfaat-yang-baik-untuk-rumahmu-kamu-sudah-tahu/
https://www.rimma.co/66315/inspiration/home/laba-laba-ternyata-punya-manfaat-yang-baik-untuk-rumahmu-kamu-sudah-tahu/
https://www.rimma.co/66315/inspiration/home/laba-laba-ternyata-punya-manfaat-yang-baik-untuk-rumahmu-kamu-sudah-tahu/
https://doi.org/10.1002/jemt.1070270503
https://snappygoat.com/free-public-domain-images-brooklyn_bridge_bridge_new/
https://snappygoat.com/free-public-domain-images-brooklyn_bridge_bridge_new/
http://www.aloarchitettiroma.it/ponte-musmeci-unopera-darte-dei-
http://www.aloarchitettiroma.it/ponte-musmeci-unopera-darte-dei-
https://structurae.net/en/media/2261-nesenbach-valley-bridge
https://structurae.net/en/media/2261-nesenbach-valley-bridge
https://structurae.net/en/structures/dragon-bridge
https://structurae.net/en/structures/dragon-bridge
https://structurae.net/en/structures/campo-volantin-footbridge
https://structurae.net/en/structures/campo-volantin-footbridge
https://doi.org/10.5923/j.scit.20120201.02
https://meinhardtgroup.com/offices/singapore/
https://meinhardtgroup.com/offices/singapore/
https://veteriankey.com/the-neck-and-back/
https://veteriankey.com/the-neck-and-back/
https://doi.org/10.1007/978-3-7091-2584-7_3
https://veteriankey.com/kinematics-of-the-equine-back-and-pelvis/
https://veteriankey.com/kinematics-of-the-equine-back-and-pelvis/
http://www.paddock.ir/knowledge.asp?pid=2&tid=972&title=
http://www.paddock.ir/knowledge.asp?pid=2&tid=972&title=

