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In this paper a solution-driven bionic approach applied in a process of
product redesign with intention to improve its ergonomic properties is
presented. The main goal was to reformulate and use the properties of a
unique natural phenomenon in a specific design field.

The skeletal structure of the seahorse, its load-bearing capacity with
retained flexibility, was an inspiration to explore products where these
properties could be applied for improving the functionality. The research
process resulted with detecting a problem caused by poor product design -
spine deformities of students caused by non-ergonomic school backpacks.
This ignited the idea to use the analyzed biological properties for
designing school backpacks with improved ergonomics. The final result
was the design of school backpacks with an integrated mechanical system
based on the biological skeletal structure of the seahorse which would help
to achieve maximum comfort and support the healthy posture of students.

Keywords: Bionics, Ergonomics, Industrial design, Sea horse skeleton,
School backpack

1. INTRODUCTION

The technological advances and design of new products
are often directly inspired by nature, given the fact that
in our everyday lives we encounter the same kind of
problems as organisms in nature. Natural selection and
changing environmental conditions have led organisms
to respond to a wide range of problems with the creation
of robust and efficient solutions. Through evolution,
these solutions were tested according to their effects on
the organism's efficiency and, afterwards, were kept or
completely rejected. This process is, in many ways,
similar to the design cycles. Therefore, it comes as no
surprise that engineers and designers often turn towards
nature to seek inspiration for creating novelties, viewing
nature as a vast database of already tried and tested
solutions to various problems. The roots of this metho-
dology, known as bionics, bio-mimicry or biologically
inspired design, date back from pre-historic times when
humans learned to imitate nature in order to create
survival tools. During the period of renaissance bio-
mimicry is apparent in the designs of the visionary
Leonardo da Vinci [1].

Today, researchers investigate methods for optimal
application of bionic methodologies in modern design.
The aim of these methods is to help engineers, designers
and other professionals promote the creation of bio-mi-
micry products. Camila F. Salgueiredo from the
University of Evry Val d'Essonne, focuses on the
principles of C-K theory (originally introduced by
Hatchuel and Weil) where C is the space of Concepts
and K is the space of Traditional Knowledge and
Biological Knowledge. Examples are given of how the
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branching of a concept results with expansion in the K
space. This is a way of searching for new knowledge in
nature and finding sometimes unexpected properties that
influence the traditional knowledge and the generation
of concepts for products [2].

Furthermore, a couple of approaches are proposed to
be used in the process of designing new products follo-
wing natural shapes and principles. Helms, Vattam and
Goel describe a 6-step process to organize the bionic
research when an exact source of a design problem is
pinpointed and possible solutions are needed [3]. They
also discuss a reverse, solution-driven process. Simi-
larly, Versos and Coelho elaborate a bi-directional met-
hod describing the design stages required to get from a
problem to a solution and the other way around [4].

For example, aiming to solve the issue with lift-
induced drag of transport aircrafts, Gavrilovi¢, RaSuo,
Dulikravich and Parezanovi¢, investigate the wingtip
formations of birds in order to implement their prin-
ciples by bionic abstraction [5], which is an excellent
example of a problem-induced bionic approach. On the
other hand, in the paper titled "Development of a
Miniature Robot Based on Experience Inspired by
Nature", Stevanovi¢ and RaSuo use a solution-driven
process. Inspired by the motion of legged biological
organisms, they apply the studied principles in the
design and movement of a miniature robot [6].

Universities from around the world have adopted
and adapted these approaches in order to encourage
students to come up with ways to convert their
knowledge of natural phenomenons into technological
solutions. Neurohr and Dragomirescuhe from the Poli-
thenica University of Bucharest give a graphic repre-
sentation of the "top-down" and "bottom-up" appro-
aches for "integrating bionics into technological deve-
lopment" describing the field (Technology, Bionics or
Biology) the steps of each approach belong in [7]. The
Industrial Design students from the Faculty of
Mechanical Engineering in Skopje use these approaches

FME Transactions (2021) 49, 327-334 327



as well. After deciding upon a natural phenomenon to
be applied in a new design or a problem to be solved, a
structured way of reformulating of the natural solution
or the design problem is used. The reformulation means
using deduction that results with keywords that help to
generate better concepts [8]. There are numerous exam-
ples of student's projects proving the success of this
deductive approach [9, 10]. Moreover, Emami, Tasha-
kori and Tashakorinia from the Fine Arts Faculty, Uni-
versity of Tehran, Tehran, Iran, list 4 concerns as a star-
ting point in the bionic research: "Natural and functional
systems; Forms related to function; Creature behaviour
and life style; and Environment and interactions" [11].
The first two points result with the creation of a form
and function similar to a natural phenomenon and the
second two promote the sustainable design movement.

This paper describes a solution-driven bionic app-
roach. A unique natural phenomenon is identified and
its properties are analysed in detail in order to refor-
mulate them and search for specific design and engi-
neering fields where they can be applied. The method of
reformulation offers identification of a product that
could be improved by direct application of the form-
and-function features of the natural phenomenon. The
product is re-designed later using the biologically
inspired methodology. The main goal of the paper is to
share a fresh perspective for designing an everyday item
with intention to improve its ergonomic features. By
doing so, the importance of bionics, as an approach that
results with products that solve existing problems and
meet specific functional requirements, is emphasised.
The need for using this method for educational purposes
is stated, as well. The benefits of the elaborated
approach in the teaching process are numerous: helping
systematize ideas, expanding knowledge and triggering
creative thinking among design and engineering
students in new product development.

This paper is based on a bottom-up approach where
a natural solution is identified, reformulated and based
on the defined functional properties a possible problem
that can be solved is searched for. After identifying a
potential problem by focusing on concerns related with
form and function, concepts are generated and
elaborated.

2. IDENTIFICATION OF A NATURAL PHENOMENON

2.1 Description of the natural phenomenon -
functional properties

The seahorse as a natural organism has been in the cen-
tre of many biological and engineering researches due to
multiple specific reasons. One of its key characteristics
is the function of its skeleton that at the same time
serves as an external protective armour, but it is also
extremely moveable and flexible. Tomas Praet from the
Faculty of Engineering and Architecture, Ghent
University, Belgium, gives an in-depth analysis of the
seahorse tail anatomy and how it can serve as an
inspiration in design, engineering and robotics [12]. The
skeleton of the tail consists of a chain of bony segments
each containing a central vertebra and 4 dermal L-
shaped plates connected to it (Fig. 1). All these parts are
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connected with special joints that can bend and twist
and support weight and hits without breaking. Through
a chain reaction between all these segments, the tail of a
seahorse can rotate up to 360°. This type of flexibility of
the skeleton allows the seahorse to move and fixate to
underwater objects. In addition, the skeleton protects
them from predators since the tail can be compressed up
to 50% of its original width before any serious damage
is done to it. This happens due to an even distribution of
forces no matter what angle they are coming from.

2.2 Structure of the natural phenomenon

All of the mentioned properties of the tail of the sea-
horse are possible because of the specific formation of
all its elements and the way they are connected with
each other. The tail of a seahorse consists of a chain of
about 30 skeletal segments that gradually decrease in
size and increase their tilting toward the tip of the tail.
Each of the segments is consisted of 5 parts: central
vertebra, left dorsal dermal plate, right dorsal dermal
plate, left ventral dermal plate and right ventral dermal
plate. The vertebra has 4 tissue extensions that connect
with the dermal plates by joints that allow 3 degrees of
rotation forming a "peg-and-socket" type of connection.
The joints between subsequent vertebra also allow
rotation around 3 axes. The 4 dermal plates of a same
segment are connected by gliding joints that appear like
a ridge on one plate over which the other plate slides.
Subsequent dermal plates are connected by a similar
type of gliding joints. The plates have extensions
towards the tail of the seahorse that fit into a cavity on
following plate which is oriented towards the side of the
seahorse head. As a summary, the different behaviour of
all the joints of each segment makes the complex
movements possible.

Figure 1. The skeleton of a seahorse (Source: Justin Holt,
Design and Testing of a Biomimetic Pneumatic Actuated
Seahorse Tail Inspired Robot [13])

2.3 Reformulation of the identified natural
phenomenon - functional decomposition

After analysing the form and function of the seahorse
skeleton and identifying its unique characteristics, the
following step is a reformulation of the natural solution
in order to highlight the properties that can be used to
design a new product. The main properties are:

® Good distribution of forces

e Great durability under compression

o Shock absorption

o Lightweight structure

o Compact design

o Great flexibility and freedom of movement

Moreover, for a complete reformulation, a detailed

functional decomposition was made which helps to
understand how these properties are achieved (Fig. 2).
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SEAHORSE TAIL

The tail of the sea horse is a chain
of about 30 skeletal segments.

Each bony segment is consisted of
5 parts and joints as connectors,

The uniqueness is the square cross-section
of the tail and the structure of the segments.
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surround a central vertebra -
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peg-and-socket, and gliding joints -

The vertebra has 4 tissue extensions
Each of the segments that connect with the dermal plates
is consisted of 5 parts:
central vertebra,
left dorsal dermal plate.
right dorsal dermal plate,
lefi veniral dermal plate
and right ventral dermal plate

also allow rotation around 3 axes by
ball-and-socket joints

HOW ?

like 2 ridge on one plate over which
the other plate slides

Subsequent dermal plates
are connected by a similar type
of gliding joints

Ty joints thar aliow 3 degrees of rotation
forming a peg-and-socket connection

Square cross-section =

The square geometry limits
excessive torsion which
doesn’t allow
torsion-induced damage

The sides of the squares are flat
for increasing surface contact

The joints between subsequent verichra

The 4 dermal plates of a same segment
are connected by gliding joints that appear

Gliding joints as connectors
between all 4 dermal plates
in the overlap zone -

When impacted. under transverse
compression, the plates
of the square segments slide
past one another with one

degree of translation freedom
thanks to the gliding joints.
exhibiting a response that is

impact-resilient

Destal-proximal plate nsedtions

Plaie- veriebra junchons

Figure 2. Functional decomposition (Source of used images: Justin Holt, Design and Testing of a Biomimetic Pneumatic

Actuated Seahorse Tail Inspired Robot [13])

The principles define a structure that can be applied
to design products that need to be durable and that are
under the influence of load. The key feature is the
amortization of weight forces with preserved flexibility.
The appearance and functionality of the natural pheno-
menon open up a new way of thinking in the field of
design and engineering. So far, these types of structures
and similar ones have been used in robotics [6].
However, the great properties of this small and compact
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system with ideally fitted parts and joints can be applied
in commercial products where there is a need to reduce
the weight while moving freely.

3. IDENTIFICATION OF A PROBLEM TO BE SOLVED
While searching for products with the needed charac-

teristics, a problem was noticed in the design of school
backpacks. The main purpose of a backpack is a

VOL. 49, No 2, 2021 = 329



successful transportation of books and school equipment
while distributing the weight evenly in order to achieve
best ergonomic properties, and support the posture of
the children. However, poor design of backpacks and
overloading them causes increased pressure in the neck
and upper and lower back of the children resulting with
serious spine deformities.

For decades, scoliosis, kyphosis and lordosis have
been most commonly detected in student's medical exa-
minations (Fig. 3). Latest statistics from student's me-
dical examinations published by the Institute of Public
Health in Skopje show that spine deformities, poor body
posture and poor nutrition are the top most common
pathological conditions identified during the medical
examinations of primary school and high school
students [14].

3.1 Deformities of primary school students

The statistics from students medical examinations from
the year 2017/18 show that spine and chest deformities
have been noted in 25.4% of the total examined
students, 14% of the students had bad body posture and
foot deformities were found in 13.8% of the examined
students (Fig.4).

3.2 Deformities of high school students

From the total number of examined high school students
in the year 2017/18, 25.2% had a bad body posture,
20.4% had back and chest deformities and 11.2% had
foot deformities (Fig. 5).
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Figure 3. Different types of spine deformities (Source:
news-medical.net)
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Figure 4. Most common pathological conditions identified
in medical examinations of primary school students
(Source: Institute of Public Health in Skopje [14])

These conditions have a chronic and lifelong nature
and their most common causes are: absence of physical
activity, multiple hours of improper sitting. Another
reason is the weight of school backpacks that is une-
venly distributed on the back and shoulders of the chil-
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dren due to design flaws - backpacks that are not
ergonomic and cause improper body posture. Moreover,
these backpacks are usually loaded more than allowed,
with a weight of 10-22% of the body weight of the
children. An Infographic by Jan Diehm for The Huf-
fington Post [15] illustrates what heavy backpacks can
do to the child and the type of backpacks that should be
used (Fig. 6).
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Figure 5. Most common pathological conditions identified
in medical examinations of high school students (Source:
Institute of Public Health in Skopje [14])
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Figure 6. Influence of backpacks on the back and posture
of children (Adapted from Jan Diehm, Source:
huffpost.com)

Therefore, it is crucial to use school backpacks spe-
cifically designed to suit the student's daily activities,
improve their posture and help promote their healthy
development, rather than be the main cause of deformities.

The main requirements a properly designed school
backpack should meet are:

e Carrying load on the back without causing shoulder
and back pain

e Durable material

e Shape that doesn't deform the contents

e Several compartments for an even distribution of
the weight

e Colours and textures appealing to children

e Dimensions defined by following the anthropo-
metric measurements of children
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Shape that helps maintain a good posture

Wide and soft straps that reduce the pressure of the
load

Adjustable dimension of the straps

Two additional straps in the chest and waist area for
better support

Taking all this into consideration, it is important to

emphasise that the primary design principles that need

to be followed when creating school backpacks are

ergonomics. Proper support for the back and shoulders

that would ease the load and allow a good posture and

movement would reduce the problem with a high

percentage of children with back and chest deformities.
The seahorse skeleton and its properties are a direct

inspiration for creating a support system that can be

included inside school backpacks and that would help

achieve maximal ergonomics.

4. DESIGN OF A SCHOOL BACKPACK BASED ON
THE SEAHORSE SKELETON PROPERTIES

The basic idea that emerged from the analysis of the
natural phenomenon and the problem that needs to be
solved is to simplify the skeletal structure of the
seahorse to a basic mechanical system that will still
have the same features as the biological system - the
durability while compressed by heavy loads while
remaining lightweight and flexible. The designed
mechanical system would be included in the design of
school backpacks. The idea is for the system to act as a
weight supporter and load-force damper. It would be
embedded in the backpack straps and the specially
designed back pad that is in contact with the back of the
child. The system itself would be inserted beneath the
materials so that it would not be visible and would not
disrupt the design of the exterior, but would still
perform its function successfully. With this type of
design a significant increase in ergonomic features is
foreseen, thereby increasing comfort and reducing pain
and pressure in the back and shoulder area when
wearing a backpack.

4.1 Design - functional analysis

The 3D models that follow show the way the support
mechanism is designed - as a chain of square segments
(Fig. 7) each containing 4 springs for damping of load-
forces that are connected with the sides and the core by
"ball-and-socket" joints that allow free movement (Fig.8).
The segments are also connected with each other by
springs attached to their central parts with the same type of
joint systems (Fig. 9). This structure imitates the seahorse's
skeleton, it is lightweight and enables an even distribution
of forces meaning that their impact would be reduced.

The functionality of the designed system is expla-
ined in greater depth on the following image (Fig. 10).
The illustration of the functional analysis is done in the
same manner the functional decomposition of the na-
tural phenomenon was made. This reveals the used
method for extracting and applying the defined natural
characteristics. The image explains the characteristics of
the designed product (What?), the purpose those func-
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tions serve (Why?) and the way those functions are
achieved in order to serve the defined purpose (How?).

Figure 7. 3D model of the designed support mechanism
consisted of a chain of segments with springs attached to
the sides and a centre with 'ball-and-socket' joints

v

Figure 8. Section view of the springs and joints of one
segment

d 1 A
——————
J,.J,.JJ,.; 1878

—

Figure 9. Subsequent segments of the mechanism
connected by springs

The overall design of the backpack is ergonomic,
with wide shoulder straps, additional straps in the chest
and waist area, multiple departments for an even
distribution of the weight, and a back pad with a shape
following the natural curvature of the spine and
supporting an upright posture (Fig.11).

The created mechanism is to be inserted inside the
shoulder straps and the back pad in order to provide
maximal absorption of the load forces while carrying
the backpack (Fig. 12). The mechanism does not
influence the appearance of the backpack since it is not
visible. Therefore, the design can be both extremely
ergonomic and modern and appealing. The possibilities
for combining different textures and colors to meet the
needs of the target group are endless (Fig. 13).
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SCHOOL BACKPACK

Ergonomic school backpack designed
with an integrated mechanism (placed
inside the shoulder siraps and the back pads)
resembling the skeleton of the sea horse -
chain of square segments connecied by
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Figure 11. 3D model of the whole ergonomic backpack

Figure 12. Placement of the mechanism inside the shoulder
straps and back pad
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Figure 13. 3D models of the backpack showing a variety of
colour combinations

4.2 Anthropometric measurements

When defining the size of a school backpack, two basic
dimensions are crucial: the distance between the straps,
and the width and length of the backrest. After defining
the average age of the students for which the backpack is
designed, in order to achieve maximum ergonomics and a
balanced weight distribution, it is important to determine
the average distance between the shoulder line and the
waist line and the average distance between the shoul-
ders. The length of the backrest is defined by the average
distance between the shoulder line and the waist line plus
5 cm, while the distance between the straps is defined by
the average distance between the ridges of the shoulder
blades (Fig. 14). It is important to have additional straps
around the waist for support because that will help
distribute some of the weight of the backpack to the hips
rather than just to the back and shoulders.

Busch Width
Radge of Shoulder Blade 1o
Pidge of Shoulder Blade

Shoulder Line

Bach gt =
Shoulder Line to
Wisist Lina + 2 inchas

Waist Line
Hip Line:

Figure 14. Fitting guide for a backpack (Source: Farideh
Babakhani, The effect of backpack load on the posture of
children [16])

When designing this school backpack, the target
group considered were pupils aged 12 - 15 years. Fol-
lowing a size chart for defining the dimensions of the
backpack that should not be larger than the back of the
children that would be carrying it [16], the backrest
length was defined to be 482 mm, the distance between
the center of the straps was defined to be 229 mm, while
the maximum width of the entire backrest was defined
to be 349 mm (Fig. 15).
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229 mm

482 i

349 mm

Figure 15. Basic dimensions of the designed backpack
5. DISCUSSION

Basing design and engineering solutions on biological
principles is an approach that results with successful
products that solve existing problems and meet specific
functional requirements. Therefore, it is necessary to
constantly search for unique biological systems and
think of ways their functionality can be applied in
everyday items.

Noticing the characteristic skeletal structure of the
seahorse, its load-bearing properties with retained
flexibility, was an inspiration to explore fields where
these features would be important for improving the
practical properties.

Noticing the problem of frequent spine deformities
in primary and high school students and analyzing the
causes for these medical conditions defined the flow of
the reformulation of the biological solution. This resul-
ted with the idea for designing a school backpack with
improved ergonomic properties - a backpack with an
integrated mechanical system based on the biological
skeletal structure of the seahorse.

The final result was a design of a school backpack
that would respond to the need to achieve maximum
ergonomics. Firstly, it has appropriately applied anthro-
pometric measurements, with a defined shape that sho-
uld help the body be constantly upright and the posture
to be correct. Secondly, it has wide, soft and flexible
shoulder straps and extra straps in the chest and waist
area for better support. Finally, it should provide an
even distribution of weight and damping of the load for-
ces, thus reducing the muscle tension and back pain,
thanks to the bionic mechanisms inserted in the shoulder
straps and back pad.

For best evaluation and improvement of the proper-
ties of the mechanisms, the software model should be
used in combination with a 3D printer to create real mo-
dels of the mechanisms, insert them into a sewn model
of the designed backpack and perform experiments with
a focus group consisted of children aged 12 - 15.
Measuring the load forces and the tension they create on
the shoulders, neck and back of the children would
show exactly how beneficial this idea is. This remains a
suggestion for further research on this subject.

6. CONCLUSIONS
The design of a back-support system for backpacks ins-

pired by the seahorse skeleton is one more example of
how a structured bionic approach can be used in the
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design process. The "top-down" and "bottom-up" met-
hods combined with the adequate reformulation of the
properties of the identified natural phenomena (What?,
Why?, How?), or identified problem that needs to be
solved, are very useful for a better systematization of
ideas, and should therefore be used in the educational
process. This approach can stimulate the creative thin-
king among design and engineering students, help them
expand their knowledge and come up with ingenious
ways to apply unique functional and aesthetic properties
recognized in nature in the development of new
products.
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BUO-UHCIIMPUCAH CUCTEM 3A NIOJAPHIKY
JEBUMA 3A PAHYEBE

E. Anrenecka, C. CuaopeHko

Pan nprkasyje OMOHMYKY TPHUCTYI U3HANTAKEHA Pellieha
y Tpolecy peau3ajHa NpPOW3BOAA paau yHarpehema
ETOBUX EPrOHOMCKHX CBoOjcTaBa. [locTaBibeHHM IWJb je
npedopmyncatbe ¥ Kopumheme CBOjcTaBa  jeluH-
CTBEHOT' MPHUPOAHOT (PEeHOMEHA y CHenu(pIIHOj 00IacTH
mm3ajHa. CTpyKTypa CKeleTa MOPCKOT KOEbHIIA, Kara-
OUTET HOCWBOCTH Ca TIPOAYKEHOM  (uIeKCHOMITHOmhY
NPEICTaBbAIN Cy IOACTULA] 32 HMCTPAKHBAKE IPOH-
3BOJIa KOJI KOJUX O ce OBa CBOjCTBA MOTJIA TPUMEHHUTH Y
by yHanpehema QyHKIHOHAIHOCTH. McTpakuBame je
PE3YTUPAIIO OTKPUBAKEM TIPOOJIeMa KOjH HACTaje YCIIen
JIOIEr JAW3ajHa TMpoHM3BoJa — HpodieM naedopmaruje
KUUME KOJ| YUEHHKA M3a3BaH HEEPrOHOMCKHM IIKOJICKUM
paHueBuMa. Tako CMO JOLLIM HA UACJY Ja NPUMEHHMO
aHaIM3MpaHa OWOJIOIIKa CBOJCTBA Y JAW3ajHUpAby
IIKOJICKAX paH4eBa ca TOOOJBIIAHOM EpPrOHOMH)OM.
JoOmm cMo paH4YeBEe ca MHTETPUCAHUM MEXaHHYKHM
crcTeMoM Oa3upaHUM Ha OHOJIOIIKO] CTPYKTYPH CKeleTa
MODPCKOI KOHHWIA, YHME C€ IIOCTI)KE MaKCHMallHU
KOoM(Op U MOAPIIKA IPABIIHOM ApXKaby YICHHKA.
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