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A bstract The main goal of the research presented in this paper is providing multi-functionality and space
optimization of products by exploring and applying modern bionic and design principles. The specific design issue that
needed to be addressed was — design of a multifunctional mountain hiking backpack that allows optimal use of space
and maximal comfort when being used. An ideal solution to this stated problem was accomplished by following several
phases in the process: study of available literature in the areas of multifunctionality, adaptability and product
optimization; analysis of bionic phenomena which were the basic inspiration for creating a modular and compact
design; detailed analysis of ergonomic aspects and anthropometric measurements; recognition of the target group and
market analysis; materials analysis; development of design solutions and selection of the most suitable concept
according to its strongest fulfillment of the given design requirements; elaboration of the final concept and its
evaluation.
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BUOHMWYKHU NPUHIMIIN 3A OIITUMU3ALIUJA HA ITPOCTOPOT
IMPUMEHETH BO ITPOLLECOT HA TU3AJHUPAIBE

AmncrtpaxkT: [71aBHa 11e1 Ha OBOj TPy € IPEeKy UCTPaKyBambe U MPUMEHa Ha COBPEMEHNTE OMOHUYKN METO.TH
U NIPUHLUIN HA JW3ajHUpame Ja ce W3HajaaT eUKacHU Ha4MHM 3a 00e30enyBame MynTH(YHKIMOHAIHOCT U ONTH-
MH3alyja Ha MPOCTOPOT Kaj mpon3BoanuTe. KOHKpeTHHOT nu3ajHepcku mpobieM 3a Koj Oere morpeOHa aHanu3a Ha
CIIOMEHATHTE MIPUHIMIN € KpeanujaTa Ha MyITH(YHKIHOHAJICH paHell 3a INIAHUHAPEeH:E, KOj OBO3MOKYBa ONTHMAJIHO
HCKOPHCTYBamkE Ha MIPOCTOPOT M MaKCHMalTHa yIOOHOCT IIpH HeroBa ymorpeba. JJoOnBame HaeaiHo pelieHrne Ha 0BOj
npobieM Oellie TOCTUTHATO HU3 HEKONIKY (ha3u: MpOydyBame Ha PacIoIoKINBa JUTEpaTypa o/ 00NacTUTe Ha MYJITH-
(YHKIMOHATHOCT, aJaNTHOMITHOCT ¥ ONITHMHU3AIIHja Ha IPOCTOPOT Kaj IPOU3BOAUTE; aHAIN3a HAa OMOHWYKH (PeHOMEHH
kou Gea OCHOBHA MHCIHMpaIja 3a KpeHupame MOIYJIapeH U KOMIIaKTeH JIU3ajH; ACTallHa aHalu3a Ha eproOHOMCKHUTE
aCIeKTH ¥ aHTPOIIOMETPUCKN MEPKH; aHaJIM3a Ha LeJIHaTa rpyra M Ma3apoT; aHaln3a Ha MaTepHjaiy; paspaboTka Ha
WJICjHU penleHrja ¥ 1300p Ha HajcOOABETEH KOHIIENT CIIOpE]] HAajCHIIHO 3a10BOJTyBambe Ha 3aJaJCHUTE TH3ajHEPCKU
Gapama; pa3paboTka Ha (GMHATHUOT KOHLIENT M HEroBa eBayaluja.

Kayunu 360poBu: GHOHMKA; OMOJIOIIKK HHCIIMPUPAH ANW3ajH; ePrOHOMHE]ja; MyITH(QYHKIHOHAIHOCT; MOIYJIapPHOCT;
ONTHMHU3AIHja HA IPOCTOP

1. INTRODUCTION Therefore, these principles provide guidance in the

development of new products with an extended life

Space optimization, modularity and multi- cycle in accordance of the fast growing “circular de-
functionality are complex design principles that al- sign model” trend.

low creation of useful products that satisfy various Parkinson, Balling and Hedengren [1] define

target group requirements and they could be adjust- optimization as the process of determining the best

ed for optimal utilization by a wide range of users. design and explain the basics of the process. In order
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to optimize, the first step is to create a valid, accu-
rate model of the design problem. Besides a model,
variables which are free to be adjusted and criteria
(objectives and constraints) to be optimized are also
required. The objectives represent goals to be max-
imized or minimized and constraints are limitations.
The design variables of the model are adjusted in
order to achieve objectives and satisfy constraints.

Modularity is another crucial design principle
which aim is to assist creation of flexible products
with low sensitivity to change. These modular pro-
ducts have multiple benefits: reduced production
costs, simplified design updates and reparations, in-
creased product diversity, reduced transportation
time and costs, easier testing etc. Designers and en-
gineers have developed numerous methods for cre-
ating modular products. The Modular Function De-
ployment (MFD) [2] differs from other product
building methods by providing a comprehensive ap-
proach that takes into account the requirements of
all stakeholders in relation to the product develop-
ment. It suggests following 5 steps: defining user re-
guirements, choosing technical solutions, generat-
ing concepts, grading concepts and improvement of
the modules. Creating a modular design helps main-
taining the complexity of the product at a low level,
good deployment of the functions and structure of
the interface.

In the last decade, there is a drastic increase in
the demand for products with added value, that need
to be easy to use, comfortable, flexible to changes
and with modern aesthetics — or in one word, multi-
functional. Multi-functionality can be achieved by
combining many aspects in the design process such
as: following the latest technologies of materials
and production, in-depth analysis of the target
group, creating models of the products, testing their
performance and evaluating results. A well-desig-
ned multifunctional product will increase the feel-
ings of satisfaction and comfort when being used.
The overall comfort is defined as ‘a pleasant state,
physiological, psychological and physical harmony
between a human being and the environment’ [3]
and plays a great role in product design.

All mentioned design principles were recog-
nized as crucial for a successful design of a hiking
backpack and were therefore followed as a guide in
the process of concept generation. They were appli-
ed by using bionic design strategies, detailed study
of the market, ergonomic analysis, study of the lat-
est technologies for backpack production and study
of the user needs.

2. PRINCIPLES OF SPACE OPTIMIZATION
DISCOVERED IN NATURE

Bionic design is a tool that provides functional
principles and forms of nature as an inspiration for
generating concepts and product development.

Bionic methods in the process of product de-

sign are applied by two common approaches:
» Process guided by a bionic solution that ins-
pires how to solve an existing design problem.

» Process guided by a given design problem for
which a solution is searched in biological sys-
tems.

Versos and Coelho propose the bi-directional
bionic design method [4] and Helms [5] suggests
that in order to find solutions designers must rede-
fine and restructure the problem and functions to
bring them closer to similar problems in nature and
see how they are solved by natural organisms. Al-
ways ask the question ‘how does nature do or
doesn’t do it’.

The bionic method of Versos and Coelho [4]
was adopted for further application in order to study
bionic examples and receive knowledge that can
provide answers that will help achieve the set desig-
ner goals. This was done by the following steps:

1) Defining the designer problem — ‘How to en-
sure maximum utilization of space?’

2) Restructuring the problem in several functi-
ons (Table 1).

3) Asking questions about how those restruc-
tured functions might be solved in nature
(Table 1).

4) Analyzing natural examples (Table 2).

5) Defining solutions and drawing conclusions
(Table 3).

6) Application of the nature inspired solutions
in design concepts.

Table 1
Redefining the design problem (steps 2 and 3)

Decomposition of the

; How does nature do it?
design problem

How do living organisms change
their size and shape to adjust to
change of events?

Shape and size
transformation

How does nature provide com-
pact structures? What kinds of
elements are natural organisms
composed of?

Modular composition
and compact structure

How do living organisms achi-

Multi-functionality eve multi-functionality?
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Table2
Finding solutions in nature (step 4)

Shape and size transformation

Pangolins change their shape when they feel threatened
by curling up into a tight, impenetrable ball to protect
their tender undersides.

Armadillos have a similar strategy like pangolins — curling in
a sphere is their defence tactic.

Puffer fish use a reversed method. They maintain a compact
shape and when threatened ‘inflate’ into a virtually inedible
ball several times their normal size.

Modular composition and compact structure

Spirals

Splral structure of aloe Spiral snail shell

Symmetry

Bilateral symmetry of insects ~Radial symmetry of flowers

Mauwi. unore.nayu. ciuc., 37 (1-2), 107-115 (2019)

Fractals

Fern - fractal pattern

p * -
Romanesco broccoli — fractals
Tessellations

)pESESSE
@HA6E O.
Honeycombs tessellation

Tessellation pattern
of hexagons

of snake and lizard skin

Natural organisms show us how compact complex shapes can

be achieved by a regular repetition of geometric elements.

Natural patterns are formed spontaneously from the forces that

act in the physical world, and at the most basic level these

patterns can often be described using the same mathematical
and physical principles [6].

Multi-functionality

Multi-functionality provides saving resources, material and
space and it is a common principle in nature. For example,
cockroaches and crabs use exoskeletons as a support — it is an
attachment framework for their musculature and at the same
time it has a role in defence from pests and predators.

Table3
Conclusions from the bionic research (step 5)

The main volume of the backpack needs to
have elements contained within itself to
enable compact design and small size.
Size enlargement can be achieved by
opening the contained elements one by
one to gradually increase the volume.

Shape and size
transformation

A modular backpack can be created by
Modular simplifying the design to basic geometric
composition and  shapes and then attaching them together.
compact structure By doing so, the use would be simplified
and the design multifunctional.

Thinking of ways in which the basic mo-
dular and constructive elements of the
backpack can serve more than one func-
tion will help in maximum use of the space
and adding product value.

Multi-
functionality
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The drawn conclusions from the bionic rese-
arch helped for better understanding of the princi-
ples of space optimization and they were used as de-
sign guides later on in the process.

3. ERGONOMIC ASPECTS OF BACKPACK
DESIGN

A) Ergonomic criteria for designing backpacks

Even though studies of ergonomics of school
backpacks are most common, all of them provide
valuable information about the crucial aspects that
need to be considered in order to design a comfort-
able backpack that won’t deform the users posture.

A study [7] of mountain backpacks was con-
ducted in order to analyze the impact of the back-
pack use on the muscles of the body and the tension
of the user's heart muscles. The study was perfor-
med with 10 male and 10 female subjects, three
most commonly used mountain hiking backpacks,
and modern laboratory techniques (EMG, EKG,
NBM). Results showed that users feel pain when us-
ing the backpacks — in the right shoulder (90%), in
the left shoulder (83.33%) and in the back (60%).
The study, as a conclusion, offers a useful list of rec-
ommendations for designers to follow in order to
create ergonomic backpacks. The backpacks should
be designed according to following:

1) possession of a head restraint for the condi-
tion when the body leans forward,;
2) possession of a backrest adjustment system;

3) a sternum strap that serves as a balance bet-
ween the shoulder straps;

4) well-placed shoulder straps that correspond
to the curvature of the shoulder;

5) well-placed hip belt;

6) a design with an outer frame;

7) a back ventilation system;

8) size and shape that corresponds to the size

of the user's body (< 60 litres for small body
sizes and > 60 litres for large body size);
9) backpacks frame made of strong and light-
weight material:
10) strong and lightweight fabric for the back-
pack bag;
11) the backpack bag should be sealed neatly and
tightly to ensure waterproofness.

In addition, it is important to:

1) choose the right size of backpack according
to the body type (this is why backpacks need
to have adjustable straps and belts);

2) properly pack (a person shouldn’t carry
weight larger than 20-25% of his/her body
weight; light items should be packed at the
bottom and the heaviest equipment should be
placed close to the back, above shoulders);

3) choose a backpack with a high-quality back
pad (maximal freedom of movement, even
weight distribution, reduction of pressure on
shoulders).

B) Anthropometric measurements

In the design process, a more extensive anthro-
pometric analysis was necessary in order to provide
customization for users with different physical char-
acteristics.

The measurements were taken from the 95-th
percentile of males and 5-th percentile of females
(Figure 1, Table 4) in order to create a design suita-
ble for 95% of potential users.

Fig. 1. Anthropometric measurements

Table 4

Anthropometric measurements,
95-th and 50-th PCTL male, 5-th PCTL female
(dimensions given in cm)

No. Description n?je mS:Ie fen?ale
1 Body height 181 171 160
11  Shoulder width 46.2 42 38

5 Hip width 38 32 27
12 Distance — knees to feet 57 53 49

8 Distance — hips to knees 61 56 46.6
3 Shoulder height 62 57 52

Mech. Eng. Sci. J., 37 (1-2), 107-115 (2019)
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4. DEFINING USER NEEDS AND DESIGN

REQUIREMENTS

According to Cleverhiker [8], the most visited

mountain hiking web site, there is a list with basic
requirements of buyers of mountain backpacks:

1)

2)

3)

4)

5)

6)

7)

Price — the backpack should be worth the in-
vestment and last for many years and miles.
Weight — a good balance between weight,
comfort and durability is needed (reducing its
weight reduces the overall load hikers carry).
Frame — the frame shouldn’t add weight, sim-
ple frames that are comfortable for carrying
up to 16 kg are a good choice.

Volume — 40-50 litres pack is sufficient for
fitting all gear, with a need for increasing the
volume for winter trekking due to bulky win-
ter gear.

Design — simple and rational design makes the
best backpacks.

Material — most backpacks are made from one
of two durable materials: Ripstop Nylon or
Dyneema Composite Fabric (DCF is lighter
and more water resistant, but also more expen-
sive).

Fit — comfort is one of the most important fac-
tors, therefore the right dimensions and ad-
justability of the backpack are crucial.

Taking this list into consideration, the designer

requirements are clearly defined. The designed
backpack should be:

with a simple and practical design focused on
efficiency of the components;

consisted of modular parts in order to enable
better functionality and easier use;
multi-functional in order to meet as many user
requirements as possible;

with an adjustable: back pad, hip belt, shoul-
der straps and sternum strap, in order to pro-
vide maximal ergonomics;

with an appropriate frame that will distribute
the load forces and reduce the pressure on the
shoulders;

with a volume of 40 — 50 litres with possibility
for increasing up to 70 litres;

made out of durable materials.

5. DESIGN OF A COMPACT,
MULTI-FUNCTIONAL MOUNTAIN
HIKING BACKPACK

Taking into consideration all the gathered in-

formation and the defined designer requirements,
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the next step was generating ideas and developing
the design of the backpack.

a) Generating concepts

Several concept designs were elaborated
through sketching (Figures 2 — 4) and then finally
compared and graded according to the most im-
portant criteria; comfort, ergonomics, compact de-
sign, multi-functionality, modularity, capacity, ma-
terials and design. The best concept was selected for
further development (Figure 5).

Fig. 2. Concept 1

Fig. 3. Concept 2
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Fig. 4. Concept 3

=Concept 1 ====Concept 2 Concept 3 issues with one component can be solved by its replace-
ment instead of replacing the whole product which pro-
ﬁomfo” longs the life expectancy of the product.
Design Ergonomics
Materials Compact... @ N i
3 i
Capacity’ Multi-...
Modularity

Fig. 5. Concept evaluation using the spider mesh diagram

b) Further development of the selected concept

The final design is a backpack built out of 5 independ-
ent modules which have individual functions (Figure 6;
Table 5). When joined together, the modules obtain the
final purpose of the product. As the examples found in
nature, the modular design enables simplified increasing
in size, form and function and easy adjustment to differ-
ent external conditions. Because the parts are independ- L

ent they can be produced in different locations and there- /i?
fore possibly reduce the overall production cost com- =
pared to traditional production processes. In addition, any Fig. 6. Exploded view of the backpack modules

Mech. Eng. Sci. J., 37 (1-2), 107-115 (2019)
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Table 5
Basic modules of the designed backpack explained

No. Description

External frame with ergonomic back plate
Shoulder straps

Backpack

Lumbar support belt

Exoskeleton

OB wWN -

The 5 independent modules are:

1) External frame with ergonomic back plate
(Figure 7)

The outer frame is designed to detach the back-
pack from the body. It has an ergonomic design fol-
lowing the natural curvature of the spine. It is cov-
ered with a soft sponge and 3D air mesh fabric for
air circulation and comfort. Airflow and air contact
systems prevent the body from sweating. This frame
is a base, with guides on which different types of
backpacks (with their own external frames) can be
attached.

2) Shoulder straps (Figure 8)

The shoulder straps are also designed as a sep-
arate component that is attachable to the external
frame by straps and Velcro. There are 5 levels of
height adjustment for the shoulder straps so that
they can be used by different types of users without
ruining the ergonomic features. The shoulder straps
contain a sternum strap for additional fixation and
security, with incorporated plastic slider compo-
nents for obtaining of length adjustability.

3) Backpack

Inspired by the ways in which natural organ-
isms have perfected their adjustment to the external
factors by adapting their size and led by the user re-
guirements for maximum use of volume and multi-
functionality, the backpack was designed with an
adjustable volume. Like the pangolins or armadil-
los, this backpack unfolds to release additional vol-
ume. The basic part has a size of 40 liters, built with
a bottom plate made of cross-linked polyethylene
for maximum stiffness and damage protection (Fig-
ure 9). When a larger size is needed, the bottom zip-
per opens to release additional 15 liters (Figure 10).
In order to obtain extra 20 liters, there is an internal
mechanism for vertical extension which serves for
lifting the top and achieving the final volume of 75
liters (Figure 11). The backpack has an outer frame
for attaching to the basic frame with the back plate.
In addition, the design of the backpack frame allows
vertical sliding of 5-6 cm when the hiker is moving
and this sliding helps to reduce the load forces and
weight on the shoulders by 60%.
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4) Lumbar support belt (Figure 12)

This belt is intended to be used when the back-
pack is heavily loaded. It can be attached to the ex-
ternal frame and when used it changes the gravity of
the whole backpack, and therefore, it also changes
the load forces on the body. It has been calculated
that when using a lumber support belt of over 80 cm,
the load on the body is reduced by 15%.

5) Exoskeleton

The exoskeleton is based on a bionic principle
and it has a purpose to transfer the entire weight
from the shoulders and hips to the shoes. It also sup-
ports the body and gives it extra strength. Natural
exoskeletons (like the ones found on insects and
crabs) are an external body cover for some inverte-
brates which provide support and protection. In this
case, the exoskeleton is used to increase the physical
capabilities of the backpack users and ergonomic
features of the backpack itself. The exoskeleton is
simple to mount on the external frame by screwing
it to the shaft (Figure 13). The mechanism is cus-
tomizable for each user. There is an option for hor-
izontal adjustment of the upper part and 2 points of
vertical adjustments among the legs.

The whole exoskeleton can be fastened to the
legs in 2 spots and fastened to the shoes in 1 spot. It
is meant to be attached on the outside of the legs and
it follows all the natural functions of the legs —
movement, kneeling, running etc. The exoskeleton
can be folded when not being used (Figure 14).

Figs. 7-8. Back view of the basic external frame
with shoulder straps and backpack attached

av

Fig. 9. Backpack 40 liters Fig. 10. Backpack 55 liters
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Fig. 11. Backpack 75 liters

Fig. 12. Lumbar support belt

©

Fig. 13. Exploded view of the exoskeleton components and
the way they are attached to the basic external frame

&

Fig. 14. Folded exoskeleton

Multi-functionality of the design is also achi-
eved by additional functions to some of the compo-
nents. There are solar panels installed on the front
side and batteries that provide energy for charging
electronic devices or LED lamps (Figure 15).

Another key feature is the special designed
structure of the exoskeleton, that could be easily
transformed to be used as a base construction for a
one person tent (Figures 16 and 17).

By thinking about additional features of the
components the value of the design is increased, the
backpack is brought closer to the needs of the target
users. This means they would be willing to invest in
it and used for many years.

Fig. 15. Solar panels installed at the front of the backpack

Fig.16. Use of the exoskeleton as a tent construction

Mech. Eng. Sci. J., 37 (1-2), 107-115 (2019)
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Fig. 17. Use of the exoskeleton as a tent construction

6. CONCLUSIONS

The main goal of this research was to suggest
design methods for creating products that are com-
pact, modular, multi-functional and have adjustable
shape and size. Creating such products is in favor of
the circular design economy which challenges de-
signers to think about maintaining a loop life cycle
of items by: extending their utilization period, mak-
ing them multi-functional, easier for manufacturing,
suitable for reuse and repair etc.

For successful achievement of the main goal,
an in-depth analysis of bionic principles related with
the mentioned characteristics was done. Bionics as
an interdisciplinary field offers inexhaustible inspi-
ration for solving problems in many different indus-
try branches.

The design methods were used to propose a
concept for a mountain hiking backpack with maxi-
mum utilization of its volume in order to fit as much
equipment and tools as possible and enable carrying
larger weights without causing discomfort and pain
to the user. Seeking inspiration in nature, as well as
analyzing the ergonomic requirements, user prefer-
ences and latest technologies were important for of-
fering a backpack that has improved functional and
ergonomic features. The designed backpack takes
the users experience to the next level, offering: ad-
justable volume; independent modular components
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that can be used and combined together according
to needs; system for reduction of the load forces on
the body, therefore reducing pain in the back and
shoulders; additional features including ecological
production of electric energy sufficient for charging
of electronic devices and using a part of the main
structure for building a tent.

The conclusions drawn from this research can
be used as an example or starting point for other de-
signers that seek a way to provide multi-functional-
ity and space optimization.

This paper also emphasises the importance of
conducting thorough researches on all aspects rele-
vant to the given problem and applying all available
technological and scientific achievements in order
to reach the best result.
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