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Graphical abstract Abstract

BioPattern is a novel ideation tool for Bio-Inspired Design, built based on Theory of

R Inventive Problem Solving, SAPPhIRE Model of Causality, and pattern language. It has an
Cartifughl bowe: ontology, known as pattern-based ontology, and a sustainability evaluation, known as
Ideal Chart. However, this framework has not been tested yet to solve actual industrial

T problems. Therefore, this article is to present the results and analysis of the industrial case
biomimicry tool "\ — studies conducted to assess this biomimicry framework. Two different industries are

> identified selected. The industries presented a problem faced by each respective industry and the

s bt _ , problems are to be solved by BioPattern. According to the constraints set by the
gl i industries, a suitable solution is found in the ontology while the concept generated is

S e probjems further evaluated by Ideal Chart. Based on the solutions produced from the case studies,
iityidesiChart BioPattern is found to be able fo suggest technological solutions that are applicable in
Sus‘a}nable the industrial level with nature’s strategies. It can be concluded that BioPattern is able to

Bio-inspired ease ideation by providing innovative ideas and sustainable inspiration from nature.
design

BioPattern

Keywords: TRIZ, SAPPhIRE, pattern language, centrifugal blower, heat insulation

Abstrak

BioPattern merupakan alat ideasi yang baharu, dihasilkan daripada Teori Penyelesaian
Masalah Inventif, Model sebab-akibat SAPPhIRE, dan corak-corak yang berulangan. la
mempunyai sebuah onfologi, dikenali sebagai onfologi berasaskan corak-corak
berulangan, dan sistem penilaian kemampanan, dikenali sebagai Carta Ideal.
Manakala, rangka kerja ini belum diuji untfuk menyelesaikan masalah yang dihadapi oleh
pihak industri. Oleh itu, tujuan artikel ini adalah untuk membentangkan keputusan and
andlisis kajian kes industri ujian rangka kerja BioPattern. Dua buah industri yang berbeza
telah dipilih. Pihak industri yang terpilih itu menampilkan sebuah masalah yang dihadapi
oleh industri masing-masing yang perlu diselesaikan oleh BioPattern. Berdasarkan
kekangan yang ditetapkan oleh pihak industri, cara penyelesaian yang sesuai didapati
dari ontologi fersebut manakala Carta Ideal digunakan untuk menilai konsep yang
ferhasil itu secara lebih mendalam lagi. la didapati bahawa BioPattern boleh
menghasilkan cara penyelesaian yang berprinsip alam semula jadi untfuk teknologi pada
peringkat industri. Kesimpulannya, BioPattern boleh memudahkan proses ideasi dengan
menyediakan idea inovatif dan inspirasi yang lestari daripada alam semula jadi.

Kata kunci: TRIZ, SAPPhIRE, corak-corak berulangan, peniup empar, penebat haba
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1.0 INTRODUCTION challenges be it with the principles of physics,
mechanics, chemistry, material science,
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source of knowledge and inspiration of inventions as
nature itself is an enormous collection of inventions
that overcame the test of practicality and durability
[1]. For example, before the first heat exchanger is
being invented, the penguins, and tunas already had
counter-current heat exchanger built in them fo
adapt in sub-zero environment [2]-[4]. Before Daniel
Bernoulli infroduces the Bernoulli's principle, nature
had already been applying this principle for air
ventilafion in ant nests, termite mounds, and prairie
dog’s tunnels [5]-[7]. Bio-inspired design (BID) is the
engineering design approach of designing functional
products or processes by the inspiration of nature,
which is biomimicry. The term "bio” means life and
“mimicry” means an apfitude of copying. In other
words, biomimetic is the development of innovative
technologies, products, and processes based on the
use of biological concepts. However, unless the gap
between biology and engineering is bridged, the
strategies from nature will not flow over info the
engineering world. Even so, various strategies from
nature had been successfully transferred with much
effort yielding bio-inspired designs such as Velcro®
[8], autonomous self-healing concrete [9], self-
reinforced composites [10], oil repellent coating [11],
acid resistance surface [12], water distribution and
power grid networks [13], [14], and underwater
adhesive [15].

Nature may be a source of inspiration and
solution to the engineering world. However,
engineers often struggle with the huge amount of
biological information available from nature and not
knowing which own to use [16]. This is often because
the terminologies in biology is not common fo
engineers. This had made the adaptation process in
BID difficult as they do not know how to extract or
where to find these inspirations from. Ontology-based
search method is claimed to be the best way fo
bridge the biology-engineering gap [17]. But existing
ontologies are not robust enough; either it is
incomplete [18], abstracted models of poor quality
[19]. or having a small database [19], [20]. Foo
presented that there are three potential approaches
to bridge the biology-engineering gap [21]; which
are TRIZ (Teoriya Resheniya Izobretatelskikh Zadach)
franslated as the Theory of Inventive Problem Solving
[22]-[24], SAPPhIRE model of causality [25], [26], and
pattern language [27].

Based on the research gap discovered by Foo, a
biomimicry design approach was developed, called
BioPattern. Biomimicry models are often related to
innovation of inventions, or generating concepts for
new inventfions. This paper aims to assess the
practicality of this newly developed biomimicry
design framework with engineering problems faced
by the industry with machineries. Two different
problems are presented by two different appointed
industries, Industry A and Industry B. Industry A is a
machine manufacturing company where they
manufactured different types of machinery, such as
plastic crusher, centrifugal blower, cyclone machine,
and also sludge filtering machine, while Industry B is a

small and medium enterprise plastic injection
moulding company.

The following sections describes the methodology
of the case studies, and the outcome of the
concepts generated.

2.0 METHODOLOGY
2.1 BioPattern

BioPattern is a TRIZ-based and pattern-based design
framework with a Function-Behaviour-Structure (FBS)
abstraction tool to abstract biological information.
TRIZ is known to be the most promising fool that could
facilitate the bridge the gap between biology and
engineering [17], [28]-[30]. This is because TRIZ is able
fo zoom out from a problem, search for a solution
from a different discipline, and zoom back info the
problem with the newly found solution. Figure 1 shows
the TRIZ cycle of how a technical problem is
fransferred into a biological problem by BioPattern,
and search for a biological solution that solves the
problem. Then the biological solution is fransferred as
a new technical solution. The TRIZ cycle is further
broken down into a double TRIZ cycle, where the first
TRIZ cycle addresses the breaking down of problem
to sub-problems, tfransferring it to a general biological
context and then search for a specific biological
problem. The second TRIZ cycle addresses the
abstraction of the biological solution and transferring
the biological solution to a general technical solution,
and finally applied to the target as a new specific
fechnical solution.
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Figure 1 Problem-driven BioPattern design process

BioPattern has a database of over 200 biological
systems abstracted and compiled into a nature’s
pattern-based ontfology. The ontology addresses a
total of 86 problems grouped within 19 categories
with 254 strategies from nature. By obtaining the sub-
problems revealed in the problem definition stage,
the keyword of the sub-problem is searched through
the pattern-based ontology for a solution by nature
that addresses the problem. The nature’s solufion as
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the conceptual design is evaluated by the
sustainability evaluation tool.

The sustainability evaluation tool, which is Ideal
Chart, is an integrated model of 9-Windows and the
Law of Ideality. With Ideal Chart, the concept
generated can be further developed until it is more
sustainable and ready to be developed in the next
sfage (embodiment design). The concept s
evaluated based on cost and material source with a
list of criteria from the Law of Ideality classified based
on their level of influence. These criteria evaluates
how the system can be improved to be more self-
sustaining; how does the system react with the super-
system, and how the sub-system can be even more
efficient.

2.2 Case Study 1: Centrifugal Blower

A centrifugal blower is a mechanical device where
suction of air is drawn into the middle of the blower
housing by a set of rotating impeller blades with
radial force and channelling the fluid flow out
radially. The problem given by Industry A is fo
increase the suction power of a centrifugal blower
with a carbon steel impeller without increasing power
consumption. A constrain is given where the impeller
design is not allowed to be modified. The only
manipulating variable is the material of the impeller
and the number of blades. Figure 2 shows the sample
of centrifugal blower designed by Industry A.

By breaking down the problem using the problem
definition stage of BioPattern, one of the contributing
factors that greatly affects the main objective is the
weight of the impeller as it is discussed in step 2(b)
Table 1. The objective is now shifted from energy
saving to lightweight structures. A nature’s solution in
the pattern-based ontology is found based on the

keyword ‘“lightweight structure”. The suggested
strategy is presented in section 3.1. The solution is
then further evaluated with Ideal Chart. The outcome
of the evaluation is also presented in section 3.1.
Material selection charts by Michael Ashby [31] are
then used as reference to determine the most
efficient material to be used as an alternative
material.

Figure 2 Sample product from Industry A (a, b) blower
impeller and (c, d) housing

Note that the power of the motor is not specified
by the industry, thus, no formula can be derived and
the material selection charts are only used as
references to obtfain the optimized material as
alternative.

Table 1 Problem definition of blower impeller

Step | Description

Result solution

Determine the final goal of a solution.
a) What is the technical goal?

b) What is the constant variable?

c) What is the manipulated variable?
d) What is the Ideal Final Result (IFR)?2

a) To increase the suction power without
increasing power usage.

b) Impeller design.

c) Material and number of blades.

d) Suction power increased with no power
needed.

actual problem to be solved.

Breaking down the problem into sub-problems to identify the

a) What is the super-system (surrounding) to the system?
b) What should be added into / removed from the system?

a) Air.
b) Weight of the impeller should be reduced.

2.3 Case Study 2: Plastic Extruder

On the other hand, Industry B is regularly faced with
the issue of blocked plastic material at the feed
section. Figure 3 shows a cross-section layout of an
extrusion barrel. The plastic resin is fed into the feed
section (feed zone) via the throat of the hopper and
melted in the compression section, also known as the
melting zone. The diameter of the screw in the barrel
increases in the latter sections of the barrel. This is to

raise the pressure within the barrel as more melts are
pushed to the metering section (melt-pumping zone).
Blockage in the extruder happens because the heat
conducted from heater bands and cartridge heater
in compression and metering section flowed into the
feed section, causing the plastic resin to melt
prematurely. Such phenomena only happens when
materials are loaded info the feed section but not
carried away info  the compression section
immediately. A solution to prevent premature melfing
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of plastic resin in the feed section is required tfo
prevent blockage in the extruder.

Barrel
heater/cooler
Melt
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Thrust Barrel | thermocouple

W : screen  plate
bearing /, Throat liner —, | Thermocouples p
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Figure 3 Exfrusion barrel layout [32]

The objective of this case study is to prevent
plastic melting prematurely within the feed section.
Therefore, a solution is needed to prevent plastic
melts clogging the feed section. With the problem
definition in Table 2, heat insulation is the main issue
that required a solution. Therefore, strategies of the
category “thermoregulation” is referred from the
ontology.

Based on the keyword “thermoregulation”,
nature’s strategies are obtained from the pattern-
based ontology, and the concept is evaluated with
Ideal Windows. The outcome of the solution
suggested is presented in section 3.2.

In order to ftest the strategy suggested by
BioPattern, a comparison heat conduction thermal
study is simulated for both models of non-insulated
and ceramic-insulated thermal study with SolidWorks
2016. The model of non-insulated study is made up of
a bi-layer model, as shown in Figure 4(a); a high-
density polyethylene (HDPE) cylinder (diameter: 280
mm, length: 400 mm) and a hollow grey cast iron
cylinder (Internal diameter: 280 mm, thickness: 60
mm, length: 400 mm). As for the model of ceramic-
insulated thermal study is made up of a ftri-layer
model, as shown in Figure 4(b); a HDPE cylinder
(diameter: 280 mm, length: 400 mm), a hollow
porcelain cylinder (Internal diameter: 280 mm,
thickness: 30 mm, length: 400 mm), and a hollow grey

cast iron cylinder (Internal diameter: 340 mm,
thickness: 30 mm, length: 400 mm).

An external heat source of 2000 W is supplied
directly onto the outermost surface to simulate the
heater bands, the initial temperature of the model is
25 °C, and the temperature of the outermost surface
of cast iron is set at 200 °C as preheating is a
common practice in extrusion machine. The solution
type of the thermal study is set as transient as the
result is dependent to time. A totfal time of 1800
seconds, which is 30 minutfes, with 10 time steps of
100 seconds per increment. The solver used is FFEPIus,
which is the defaulf solver.

An external heat source of 2000 W is supplied
directly onto the outermost surface to simulate the
heater bands, the initial temperature of the model is
25 °C, and the temperature of the outermost surface
of cast iron is set at 200 °C as preheating is a
common practice in extrusion machine. The solution
type of the thermal study is set as transient as the
result is dependent to time. A total time of 1800
seconds, which is 30 minutes, with 10 time steps of
100 seconds per increment. The solver used is FFEPIus,
which is the default solver.

The result of the simulation is also presented in
section 3.2.

(a) ‘ ‘

(®) : I
Figure 4 (a) Non-insulated thermal study modelling. (Black —
grey cast iron, grey — HDPE), and (b) insulated heat study

modelling. (Black - grey cast iron, white - ceramic
porcelain, grey — HDPE)

Table 2 Problem definition of extruder insulation

Step | Description

Result solution

Determine the final goal of a solution.
a) What is the technical goal?

1 b) What is the constant variable?2

c) What is the manipulated variable?
d) What is the Ideal Final Result (IFR)2

a) To prevent plastic melt prematurely in the feed
section.

b) Dimension of the feed section.

c) Heat insulation methods.

d) No heat flow into the feed section.

problem to be solved.

2 a) What is the super-system (surrounding) to the system?
b) What should be added into / removed from the system?

Breaking down the problem into sub-problems to identify the actual

a) Plastic / HDPE resins.
b) Add heat insulator.
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Table 3 Strategy description of “layered composite” from pattern-based ontology

Category Problem
Material cost | Lightweight
(reduction) structures

Layered
composite

| Nifelicle)% Description Organisms
Increased

dissipates impact.

impact time | Scaly-foot snail, Double-wattled

Cassowary, Venus's Flower Basket

3.0 RESULTS AND DISCUSSION

Section 3.1 presents the outcome suggested by
BioPafttern for Case Study 1 while section 3.2 for Case
Study 2. The material selection chart and thermal
study are both verification for the suggested solution
by BioPattern for both case studies, respectively.

3.1 Case Study 1: Lightweight Impeller Blades

Based on the keyword ‘lightweight structure”
abstracted from the specific problem, the strategy
suggested by the pattern-based ontology is “layered
composite” (Table 3), inspired by scally-foot snail, as
shown in Figure 5. A layered composite is a structure
that is formed by bonding weak and strong materials
together so that the new material could have the
best of both materials. A weak base material will be
used for the impeller while a stronger reinforcement
material will be used to sandwich the weak material
for the blade. Scally-foot snail shell is a three-layer
stfructure composite, consists of an outer layer
embedded with iron sulphide, a thick organic middle
layer, and a calcified inner layer, that resist
penetfration, mitigate fracture and crack arrest,
dissipates mechanical energy, reduce back
deflections, and resist bending and tensile loads [33].
The scally-foot snail shell is an example of natural
occurring sandwich panel. With this strategy offered
by the ontology, the concept generated is to
replace the impeller with sandwich panel to reduce
the weight while maintaining the strength of the
impeller. This concept is then evaluated with Ideal
Windows, as shown in Table 4.

Figure 5 Scally-foot snail, Crysomallon squamiferum [34]

Since the maximum allowable stress acting on the
impeller and original suction velocity are unknown,
searching for an alternate material with a specific
yield strength or modulus is impossible. Therefore, a
range of material is chosen based on assumptions
and comparing the alternate material from the
original material. The original material is carbon steel
plates welded together. In order to select a cheaper,
stronger and lighter material, material selection
charts by Michael Ashby [31] are employed.

Note that no formula is used because there are
no specifications on the dimensions, suction power,
and energy requirement given by Industry A.
Therefore, this is a conceptual problem solving and
the material selection charts are only used as
references.

Table 4 Ideal Windows for blower impeller

Ideality Principles

Interaction between

Ideality technique
spaces

e Transfer some functions fo a super-system.

System

e Save energy cost by utilizing physical,
chemical, geometrical and other effects and
gradients as energy resources.

L £ . . What happens to e N/A
8. % ¢ Reduction —of disturbances  caused by the . Reduce the weight of the impeller.
2= structures. super-system? ¢« N/A

. Decrease the area of harmful effects. )

e  Mulfifunctional design. e N/A

e Improve the performance of some functions. System in use. e Increasing the strength of the impeller

with reinforced material.
e Reduce the weight of the impeller.

e Save material cost by using existing material
resources.

Unifying/Removing redundant parts.

. Provide easier access and prevent waste of

What happens

the system?

Sub-system
[ ]

energy.

e Using polymer as the main material
reinforced with thin metal plates.

. N/A

. N/A

within
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The selected material that is used as the
alternative for carbon steel should be a material of
Young's modulus that is as close as possible to that of
the original material (Young's modulus = 200 GPa)
and needed fo be as light as possible (Density < 8.5
Mg/m3). According to Young's modulus-Density
material selection chart in Figure 6, materials that
have density lower than 8.5 Mg/m3 are foams,
natural materials, polymers, and composites.
Materials that have the most similar Young's modulus
are composites, followed by natural materials and
polymer. Natural materials are eliminated because
natural materials decay over time, while foams have
Young's modulus that are too low to be used as
impeller blades. The range of materials to be chosen
from Figure 5 converged to polymers and
composites. Polymers such as polyethylene (PE),
polypropylene (PP), or polyethylene terephthalate
(PET) are strong polymers compared to isoprene,
neoprene, rubber, or polyurethane which only have
the Young's modulus of foams. Another material that

is light and strong is carbon fibre reinforced polymer
(CFRP) from the groups of composites.

The preliminary screening had filtered the
materials until there are only PP, PE, PET, and CFRP
left. Referring to the Modulus-Relative cost/volume
chart shown in Figure 7, it shows that the price of
CFRP is the highest (Cvr (crrr) = 11.3) and is 10 times
more expensive than using the carbon steel (Cyvr
(carbon steel) = 1.0). Therefore, CFRP is eliminated,
leaving the alternatives with only PP, PE, and PET with
a relative cost per unit volume of approximately 0.28.
The mechanical characteristics of all this three
materials are very similar, therefore, all this three
materials are suggested as the replacement material
of the impeller. As for the reinforcement material, 1
mm carbon steel plate is attached onto the leading
surface of the impeller blades, or both the surfaces of
the impeller blades.
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Therefore, the suggested solutions to the problem is

as follows:

1. Reduce mass of material.
suggested based on material selection chart
is plastic/polymer. High dense polyethylene
(HDPE) or polyethylene terephthalate (PET).

2. Tri-layer composite is used to make the
propellers stronger by sandwiching polymer

with thin layer of metal sheet.

3. Increasing the number of propellers in the

blower.

Since the material had been replaced with a
lighter material, the power required to rotate the
impeller is reduced. Furthermore, increasing the
number of blades of the impeller also increases the

suction velocity.

The material

3.2 Case Study 2: Extruder Insulation

Table 5 shows the strategies suggested by pattern-
based ontology with  the query keyword
“thermoregulation” abstracted from the problem.
The strategies suggested are “high specific heat
capacity”, “cooling ribs”, and “increase exposure”.
The strategy of “high specific heat capacity” is
inspired by how malleefowl incubates eggs on
mound of rotting vegetation as heat is generated
from the compost to warm the eggs, as shown in
Figure 8. The mound is covered with a layer of sand
to insulate heat from the surrounding, at the same
fime allows excessive heat fo flow out. Another
function of sand is to insulate the heat from the sun
from overheating the eggs as sand have high
specific heat capacity [35].

Table 5§ Strategy description of “high specific heat capacity”, “cooling ribs”, and “increase exposure” from pattern-based

ontology
Category Problem Strategy Description Organisms
Thermoregulation Heat High specific | The material is heated up slowly | Malle fowl
insulation heat capacity but loses heat quickly.
Thermoregulation Keep cool Cooling ribs Heat dissipates with increased | Cactus, African Bush Elephant,
surface area. Black-tailed Jackrabbit
Thermoregulation Keep cool Increase Exposes heat to wide surface. African Bush Elephant, Birds,
exposure Cactus, Black-tailed Jackrabbit
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sand insulation
See “-.‘.I;

Figure 8 Malleefowl incubating mound [36]

Figure 9 Ridges on barrel cactus (left) [37] and infrared
image of barrel cactus (right) [38]

The strategy of “cooling ribs” is inspired by barrel
cactus. As shown in Figure 9, the ridges shades a
huge part of the cactus body from being exposed to
sunlight which directly reduces the overdll
temperature of the cactus [39], [40]. Furthermore, the
ridges also increases the total surface area, which
also leads the strategy “increase exposure” where
heat loss is greater over a larger surface area.
However, the most relevant solution for this case is by
increasing the total surface area as the heat source
is via conduction and nof radiation.

The strategies are then evaluated with Ideal
Windows, as shown in Table 6. Noticed that as stated
in the seventh criteriac of the Ideal Window
evaluation, a high specific heat capacity material is
required to insulate the heat fransferring from the
compression and metering section. In general,
ceramics have higher specific heat capacity
compared to that of cast iron. Therefore, more
energy is required to raise the temperature of 1 kg of
ceramic by 1 Kelvin.

Table 6 Ideal Windows for extruder insulation

Ideality Principles

Interaction between

Ideality technique
spaces

e Transfer some functions fo a super-system.

What happens to

e Increase surface exposed fo water
cooling system.

e Improve the performance of some functions.

e Save energy cost by utilizing physical,
chemical, geometrical and other effects and
gradients as energy resources.

System

System in use.

L £
§.-§ e Reduction of disturbances caused by the e N/A
a o structures. super-system?2 e The insulator must be bonded to the
. Decrease the area of harmful effects. barrel.
Multifunctional design.  N/A
* Jnel '9 e Adding cooling fins within the water

capillaries.
. Increase surface exposed to water
cooling system.

e Save material cost by using existing material
resources.

Unifying/Removing redundant parts.

. Provide easier access and prevent waste of

Sub-system
[ ]

energy.

e High specific heat capacity material

What happens as insulator.
within e Use high temperature resistance
the system? silicone as bonding material.
. N/A

The results of the simulation, in the form of heat
contour, is shown in Figure 10 and Figure 11 for non-
insulated and ceramic-insulated model, respectively.
In just the third time step (300 s) of the non-insulated
study, the outermost region of the HDPE had become
orange in colour, where the temperature is raised o
approximately 170 °C. The HDPE layer had already
melted at this temperature as the melting point of
HDPE is between 110~130 °C. The melting process
begins at the second time step. At the fourth time
step (400 s), the outermost region of HDPE almost
reached 200 °C. Finally, the outermost region of HDPE
reached 200 °C starting from the seventh time step
(700's).

The results of ceramic-insulated study is, however,
much better compared to the result of non-insulated
study. At the second time step (200 s), the porcelain
insulation outermost layer almost reached the
temperature of 200 °C, while maintaining the
innermost layer at 25 °C. At the fourth fime step (400

s), the temperature of the outermost layer of HDPE
begin to raise until approximately 60 °C. Only at the
seventh time step (700 s), the temperature of the
outermost layer of HDPE had reached the melting
point. At the eighteenth time step (1800 s), which is
also the final fime step, the outermost layer of HDPE is
barely yellow in colour while the porcelain is almost
fully red. This shows that ceramic has very good heat
resistivity.

Finally, the practicality of ceramic as the selected
insulation material should be the final consideration.
Ceramics are robust and does not break easily.
Ceramics can withstand high tensile and also
pressure exerted by asperity contacts. Therefore, the
suggested solutions to the problem is as follows:

1. Insulating feeder section with material of
high specific heat capacity and high melting
point. The material suggested based on
material selection chart is ceramic. Ceramic
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is chosen because it is durable and have a cooling fluid capillaries. (b) By increasing the
higher heat expansion tolerance. length of the capillary system.

2. Increasing surface area exposed to cooling
fluid. (a) By adding cooling fins within the

Non-insulated: 100 s = [(:(::us’ Non-insulated: 300 s - l(:ol:us‘
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. 148 . 147
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113 112
95.2 94.3
7.8 76.7
0.3 59.1
428 415
25.4 545
Non-insulated: 400 s TRPEAR Non-insulated: 700 s TRk
200 i
182 455
165 .
147 148
129 | 130
112 i
94 &
76.4 —
58,7 Zi
411 425
23.4 2
Figure 10 Thermal study simulation result for non-insulated model
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Figure 11 Thermal study simulation result for insulated model
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3.3 Practicality of BioPattern

Since both case studies are problem-driven
approach, therefore the first step for both case
studies is problem definition. The problem definition
stage is very important because the realization of the
concept is to address the problem. If the problem is
vague at the first place, the solution will not be able
to solve the actual problem that is needed to be
addressed. BioPattern have a clear problem
definition stage where the given problem is broken
down structurally and the variables and constraints
are identified. The second step of BioPattern analyses
the problem in terms of space where the super-
systems and sub-systems are identified which s
relevant for the search of solution. It will be very clear
to the designer of what needed to be changed and
what cannot, and at the same fime knowing what
will the ideal final result looks like. These steps have
made clear the problems of the case studies and
have suggested the category of the solution for the
problems presented. The answer to the problem
analysis question 2(b) in Table 1 states that ‘weight of
the impeller should be reduced’ while the answer in
Table 4 states that ‘add heat insulation’ for blower
impeller and extruder, respectively.

As the categories of the problems are idenfified
for both cases, which are ‘material cost (reduction)’
and ‘thermoregulation’, the search for strategies to
the problems became straightforward as there are
only one and three problems in the two categories,
respectively. The problem within the ‘material cost
(reduction)’ category is ‘lightweight structures’. To
address the issue of light weighting, 15 strategies are
suggested in the pattern-based ontology. The
solution can either be selected of several strategies
and make a hybrid solution out of it, or fest out which
of the strategies works the best in the embodiment
design stage. In this case, the strategy ‘layered
composite’ is selected. As for thermoregulation, the
three problems are ‘heat insulation’, ‘keep cool’,
and ‘keep warm’. In this case study, the problem is
‘heat insulation’ and only three strategies are
suggested. The strategies are ‘air pockets’, ‘counter-
current heat exchanger’, and ‘high specific heat
capacity’. Out of this three strategies inspired by
different organisms from nature, the strategy that fits
the case the most is high specific heat capacity.
Besides heat insulation, another problem of the
extruder which is also relevant is ‘keeping cool’. As
the machine operates for a long time, heat will
manage to conduct info the feed section and an
efficient cooling system is needed. Looking into the
problem of ‘keep cool’, 10 strategies are suggested
while the most relevant strategies are ‘cooling ribs’
and ‘increase exposure’. The conceptudlisation of
the basic design solution is now made possible with
the guidance of the suggested strategies. The search
and abstraction stage of biomimicry are made
efficient by this ontology as less effort is needed to
obtain solutions that are able to solve the problem
accurately.

Note that there are three ideality principles in all
three spaces in Ideal Windows shown in Table 3 and
Table 6. These principles are arranged in accordance
to their level of influence in terms of the system’s
space. This is also where the fransfer stage of
biomimicry takes place as the strategy is evaluated
with fechnical sustainability principles. With these
principles, Ideal Windows is able to not only evaluate
whether the concept is sustainable or not, but it also
pushes the user to think of how can the concept be
more cost-effective, energy-efficient, and be users
and environmental-friendly. In the first case study of
impeller design, the evaluation for user and
environmental-friendly is not applicable because it
poses no threat tfowards the engineer at work nor
cause any pollution. Therefore, the principle of
‘decrease the area of harmful effects’ is not
applicable as that is the only principle that evaluates
sustainability in terms of social and environment. In
this case, the focus is more focused towards the
material cost aspect. This is why the answer to the
principle ‘save material cost by using existing
material resources’ is stated as polymer-metal
sandwich panel. As for the case for extruder
insulation, there's a harmful effect that needed to be
prevent that is the separation of the insulation and
breaking as it falls out of the barrel. To prevent this
harmful effect, the two insulator need to be bonded
together with the barrel by applying high
temperature resistance silicone. Unlike the previous
case study, the focus of this case is more towards the
energy-efficient aspect in cooling the heat
fransferred. Therefore, in different cases, Ideal
Windows is able to assist designers to evaluate the
sustainability of generated ideas from different
perspectives.

4.0 CONCLUSION

With the case studies conducted with these two
different industries, it can be concluded that
BioPattern is able fo assist ifs user to produce
functioning solufions fo solve not just inventive
problems, but also existing problems faced by the
industry. BioPattern is a straightforward design
framework where designers and engineers can use it
fo obtain inspirations and strategies from nature to
solve their engineering problems directly without the
need to have any biology background as all the
abstraction works were done prior to the construction
of pattern-based ontology.
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