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Abstract The design process involves multiple stages to provide the solution for an actual
or perceived need. The process needs different information at different stages to generate
the desired output, but most of the time, the information is uncertain. Information uncer-
tainty almost always makes design decision critical. The present work aims to reduce this
information uncertainty in product design by reusing previous design knowledge. Reusing an
existing ontology is an obvious way to minimize information uncertainty, and consequently,
it can shorten the manufacturing lead time. However, the existing techniques have a few gaps
that are still unaddressed. To fill these gaps, a methodology based on bionic engineering is
proposed in this work for the purpose of design reuse in product development. Here, for
the representation and manipulation of the knowledge, bionic-based reasoning approach is
used for the development of the new product with the help of bionic reverse engineering.
The proposed methodology is validated by illustrating an example of shoe design suitable to
maneuver ill-conditioned roads. This work would be useful to the design and manufacturing
practitioner in product development and decision making.

Keywords Information · Knowledge · Bionic engineering · Database design · Indexing
methods · Information retrieval · Knowledge reuse · Information uncertainty

1 Introduction

Design can be defined as a process to convert an idea into a marketable product or service,
to satisfy customer needs. The design process involves many stages so as to meet an actual
or perceived need. Each step in the design process requires the designer; to not only identify
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the available information that defines a particular sub-problem, but also to use the knowledge
and skills, along with the available tools, to process the information into a state such that the
solution to the sub-problem is available. Systematic management of product information is
vital for manufacturing enterprises in this information era. Due to complexity of products,
limitations of power of human brain to analyze, time constraint and intense competition in the
global manufacturing environment, the designer utilizes the previous design information as
design knowledge at appropriate stages. Application of already available design knowledge is
an excellent way to shrink information uncertainty during product design. Design knowledge
is the accumulation of the information obtained throughout the product life cycle such as
product design specifications, product implementation instructions,manufacturing processes,
product performance data, service instructions, end of life characteristics. More than 75% of
design activities fall into the categories like designmodification, variant design, or case-based
design [1]. Reduction in product development time and cost is a crucial issue, which requires
the ability to design a product rapidly and collaboratively in a static environment. Design
reuse provides a possible mean to solve such problems by reusing past design knowledge.
Nowadays, the concept of design reuse is accepted as a valid approach to design. A limited
number of attempts have beenmade to formalize the elements that constitute design reuse [2].
In this work, design reuse is applied to support the design knowledge gained from bionic
engineering (BE). The proposed methodology provides a bionic design knowledge reuse
framework to minimize information uncertainty within minimum time, cost and resources.

Design based on BE follows the principles of biology to design a product. However,
literature lacks formal bionic design guidelines. In this work, a formal bionic design guideline
has been proposed for design reuse in engineering practice. The available bionic design
methods are unable to propose optimal design solutions. Hence, in this work, a methodology
called bionic reverse engineering is proposed to achieve design optimization. The remainder
of this paper is structured as follows. Section 2 discusses relevant literature regarding design
reuse followed by its scope and research gaps that exist in the context of product design.
Section 3 discusses the proposed methodologies that are coupled with bionic design and
design reuse for rapid and collaborative design, as well as minimizes information uncertainty.
In Sect. 4, an example is presented and followed by information uncertainty mitigation.
Finally, in Sect. 5, summary and conclusions along with guidelines for design reuse are
being presented.

2 Literature review

Increased competition for better product (or system) functionality, quality, and cost along
with shorter delivery time presents remarkable challenges for any product manufacturing
enterprise. Design reuse facilitates achieving these goals, and thus, nowadays noteworthy
work is being done in the area of design reuse. Further, it is also endorsed that the idea of
design reuse is an accepted and valid approach for product design. The review presented here
is carried out under ‘design reuse’ umbrella. Duffy et al. [3] had classified the work carried
out in the field of design reuse in three categories, namely (a) indexing and information
retrieval, (b) knowledge modeling and utilization, and (c) exploration and adaptation. Here,
we present literature review under these three categories only.

Indexing involves structuring cross-references of knowledge that encapsulate the range
of interest to enhance retrieval of related information. There are numerous ways to express
the information, i.e., single information may be represented in different manners, in different
contexts or needs, and linguistic habits, that is why, it is critical to index the information.
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During review of literatures, it has been observed that the majority of time spent by designers
and engineers on large-scale design projects was on getting, handling or conveying informa-
tion rather than on traditional “design” exercises. Likewise, Court et al. [4] concluded that
50% of designers’ time was focused on managing the information that stems from the engi-
neering design process. Consequently, there are various approaches, which intend to support
knowledge reuse by identifying effective and efficient methods of indexing and retrieving
knowledge. DEDAL is a knowledge-based retrieval framework, which utilizes engineering
design experience by providing an intelligent guide for browsing multimedia design docu-
ments [5]. However, Yang and Cutkosky [6] observed that the limitation of DEDAL is its
high cost, in context of ease of use and support. In the first place, each descriptor and subject
in a document must be indexed by hand, which requires both time and knowledge of the
project. Second, hand indexed systems are difficult to be updated. Maintenance is critical for
items that changes rapidly, such as design documents. Therefore, it is concluded that the effi-
ciency of information retrieval mainly depends on three factors—representation, indexing,
and similarity analysis of cases in the case library [7].

Another project, design process encoding and retrieval (DESPERADO) consists of expe-
rienced engineering, software and industrial designers in ongoing projects [8,9]. Peng [10]
had reported that this project had developed a computer-based tool that supports innova-
tive design by empowering the sensitive and timely reuse of design ideas and experience
in highly innovative design environments. DESPERADO provides the processes of encod-
ing and retrieving design information and elicits design rationale as the work progresses.
RODEO (an acronym for reuse of design objects) was created after examining reuse of
designed projects in CAD framework [11,12]. Early researches focused on the definition of
a formal model to describe design objects, design processes, and requirement specifications
by their properties (features). RODEO was developed to implement, test and evaluate this
model. knowledge reuse and fusion/transformation (KRAFT) architecture supports the fusion
of knowledge from several distributed heterogeneous sources [13]. The KRAFT project had
been characterized as a generic agent-based architecture to support combination of knowledge
in the form of constraints expressed against an object data model [14]. KRAFT used open
and adaptable agent style in which knowledge sources, knowledge fusing entities and users
are all represented by independent KRAFT agents. Argo, developed by the microelectronics
and computer technology corporation, is an analogical reasoning system for solving design
problems [15]. This approach was employed to determine generic design problems. It used
an analogical reasoning approach to select the most similar experience relevant to the design
problem. Agro experiences were stored as design solutions, design plans and inclinations.

Knowledge modeling and utilization is an important part of computational design reuse.
Three categories of knowledgemodeling that are developed till date are: case-based reasoning
(CBR), model-based reasoning (MBR), and plan reuse (PR). CBR is an approach for problem
solving and learning that has got a lot of attention during last few years. Issues regarding
suitable selection of a comparable past case and reusing it in the new problem context are
tackled by CBR and thus substitute specific knowledge acquired through prior experience.
Aamodt and Plaza [16] had observed that CBR leads to incremental and continuous learning.
A new design experience is gained each time a problem is solved, thus, making the solution
accessible for next set of problems. CASECAD is a case-browsing tool, which facilitates
users to navigate through its memory to look at information that seems appropriate for the
current interests [17]. In CASECAD, relevant information of the cases is represented using
a variety of multimedia formats using natural language expressions of certain aspects and
drawings to represent the physical appearance of a design [18].A large computer-based library
of architecture design is built in ARCAD [19]. It can support huge collections and improve
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designer decisionmaking in complex tasks. Lee et al. [20] presented dynamic data interchange
scheme (DDIS) for supporting data integrity between relational database module (RDM) and
knowledge storage module (KSM), thereby accelerating the product development process in
which every functional entity of a company is involved. DDIS automatically searches for
similar cases in past design solutions, which are applicable to new problems.

MBR uses working models associated with real-world observations to draw conclusions.
MBR type of knowledge is quite different than the CBR. MBR represents knowledge in
general, whereas CBR represents case specific knowledge. The creation of MBR model is
time-consuming, as it is necessary to make the model deep, complex, and detailed to achieve
the best outcomes. Once MBR working model has been created, it may also require peri-
odic updates. IDEAL used analogical reasoning to compare and reuse generalized knowledge
rather than particular cases across different domains [21].Duffy et al. [22]worked on a numer-
ical and object based modeling system for conceptual engineering design. Their work was
focused around an experimental framework NODES which was created to model knowledge
of design objects and their related numerical relations. NODES provide knowledge modeling
and design analysis support during the synthesis and modification of a design solution.

Plan reuse (PR) includes not only the storage of the rationale behind design decisions but
also the replaying the appropriate design history during the new design activity. PR supports
designer during the series of decisions and consequently generates new design solutions.
Some popular approaches of PR are: VEXED, reconstructive derivational analogy (RDA),
PERSPECT, SPIDA, etc.

The third category under design reuse, exploration and adaptation converts an abstract set
of requirements into a definition of a physically realizable system and its adaptation, which
is nothing but the extension of the utility (service) of products. According to Gu et al. [23],
two classes of adaptabilities exist, i.e., product adaptability and design adaptability. Two
types of design adaptations are also identified which include specific adaptability and gen-
eral adaptability. Specific adaptability means the adaptation requirements are known during
design stage. General adaptability of a product design means that the design in general is
more adaptable to accomplish adaptation requirements than specific adaptability. Nowadays,
a number of approaches have been developed by researchers in an attempt to achieve some
form of knowledge exploration and adaptation. CADSYN and CASECAD knowledge rep-
resentation is achieved by decomposing cases into subparts making the reuse of cases more
flexible and efficient by eliminating irrelevant information. In this system, retrieval method is
user-directed browsing and navigation attribute-value matching. For the assembly sequence
and configuration design, COMPOSER approach represents design experiences in design
cases. In this approach, variables, constraints and solutions are stored as attribute-value pairs
and for retrieval, similarity matrices are employed. Zhang [24] proposed “DENOTE” that
includes design knowledge modeling, and management of design knowledge evolutions.
In DENOTE, libraries of previous designs are structured according to four particular con-
cepts and their inter-relationships, namely function, mode of operation, solution and part.
Gozali [25] classified various approaches on the basis of application domain, retrieval meth-
ods and adaptation such as Archie, Archie-II for architecture, AskJef for software, Composer
for assembly sequence and configuration design, Repro for chemical process, Panda for Fire
engines, Kritik for physical devices, etc.

The product design process requires different information at various stages of its process.
It is too complicated for precise description; thus, there is a need not only to understand uncer-
tainty in the process but also to trace it into a reasonable model. Ascough et al. [26] defined
uncertainty as limited information about a specific area. Walker et al. [27] defined uncer-
tainty as any deviation from the unachievable ideal of completely deterministic knowledge
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of the relevant system. Sigel et al. [28] defined uncertainty as the absence of confidence in
knowledge related to a specific design problem. Similarly, Chowdhury et at. [29] considered
uncertainty that is closely related to the information need, and it is argued that uncertainty
reduces as the information seeking process proceeds, till the end of the process. These descrip-
tions indicate uncertainty is an information or knowledge gap and can be handled through
proper identifications of required information.

2.1 Research gap

Reusing existing design knowledge in a design problem is a technique to reduce information
uncertainty along with minimization of efforts, risks and cost. However, for reusing the
existing design effectively, designer needs to handle the lacunae in the existing approaches,
some of which are listed below:

1. The problem with design reuse in engineering practice is lack of any formal guideline
or approach to help encourage its application and thereby allow designers to effectively
benefit from previous domain knowledge [3].

2. Traditional information retrieval has indexing and retrieval problems [30]. In product
design, the complication of knowledge presentation and the scattered distribution of
knowledge resourcesmake knowledge sharing and reuse difficult [31]. As a consequence,
it was argued that designer would increasingly rely on retrieving the stored information,
independent of human memory. It was concluded that more research is needed to under-
stand how to capture large and integrated information spaces.

3. Previous empirical studies focus on the reuse of geometric modeling and do not consider
other issues for the design process, such as engineering analysis, optimization [32] and
mass customization [33] in detail. Therefore, the current design reuse systems need
additional study.

2.2 Motivation

The design process can be defined as a series of tasks that utilize scientific principles, techni-
cal information and creativity so as to produce a solution to meet an actual or perceived need.
Consequently, nowadays product design is very knowledge intensive. In order to stay compet-
itive, engineering companies need to react quickly to engineering change (EC) requests that
may crop during any phase of a product’s design [34]. Design reuse is capable of capturing
technical information, reducing development costs and manufacturing lead time in a compet-
itivemarket [35]. Therefore, reuse of existing information and knowledge for new purposes is
an essential aspect of effective product design. Applying an existing design information and
knowledge helps to avoid some of the resources consumed in original design and analysis. It
also helps to avoid the error and uncertainty that accompanies all human activities [29,36].
Many reviews concluded that design for reuse can provide the greatest benefits to the product
development process when considering matrices such as time, cost, quality and performance.

3 Methodology

To fill the research gap for systematic exchanging, synchronization and reusing of informa-
tion, this work combines bionic engineering with design reuse model. The major two phases
that comprise this work are:
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Fig. 1 Design methodology integrated with bionic design

Phase 1: Applications of bionic design
This stage presents some illustrations of bionic engineering, i.e., how nature or biological

artifacts provide necessary information and functional solutions. Thereafter, a seven-step
normative process is proposed to reuse design information prevalent in nature, or inspired by
biology.

Phase 2: Integration of design reuse and bionic archive
This phase integrates bionic archive obtained after Phase I, with Duffy and Ferns [21]

model and proposes an improvised model. Thereafter, mitigation of information uncertainty
is presented.

3.1 Bionic design

Nature is the best school for scientists and engineers. Multiscale biological structures ranging
from nano- to macroscale characterize materials, which play important roles in achieving
structural and functional integrity in design. As per Jin et al. [37], the biological solutions
provide inspiration to scientists and engineers to design multifunctional artificial materials
with multiscale structures. Wen et al. [38] claimed that nature is an information sourcebook
of behavior, function, color and shape, which can inspire visual designs and inventions.
Studying the formand functional characteristics of a natural object can provide inspiration and
information to product designers and help to improve the marketability of the manufactured
products. Therefore, this work utilizes bionic designs for design reuse as shown in Fig. 1.

The database created for indexing and retrieval, named bionic database, is indexed by a
set of keywords generated from biological forms, structures, constructions, functionality and
general aesthetic appearance of bionic artifact, as shown in Table 1. The table exemplifies
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Table 1 Natural objects and functional characteristics for engineering design

Natural objects Functions (indexing) References

Butterfly wings Super hydrophobicity, directional adhesion, structural color,
self-cleaning, chemical sensing capability, fluorescence
emission functions

[39–41]

Lotus Surfaces with roughness, induced super hydrophobicity,
self-cleaning, and low adhesion

[42,43]

Polar bear fur Optical property, high thermal insulation [43,44]

Birds wings Aerodynamics [42]

Biological tissues Self-healing [42]

Bones Excellent mechanical strength, self-damage repair [45]

Fish scale Superoleophobic and low adhesive [46]

Peacock feather Submicron structure and optical interference, reflection
properties

[47]

Spider capture silk Combination of strength and elasticity [48,49]

the form and functional characteristics of a natural object and may serve as models for many
applications in product designs.

Bionic-inspired designs use analogies to develop conceptual solutions of the problems.
Many researches have been carried out in this area, and one can find many examples of
this type. One of the popular processes in the area of nature-inspired design is biomimicry.
Biomimicry induces concepts from nature for optimal design and construction of buildings,
consumer goods and technology. Biomimicry is an innovative method that seeks sustainable
solutions by emulating nature’s time-tested patterns and strategies, e.g., a solar cell inspired
by a leaf. Biomimicry-inspired innovations can create products and processes that are not
only sustainable and efficient but also save energy, reduce material requirements, eliminate
waste, increase and redefine product categories, drive revenue, etc. [50]. A few among the
many biomimicry-inspired artifacts are presented below:

1. Nose is an inspiration to make an object perform multiple functions (e.g., filtering the air
that is breathed in, acting as a sensory organ), apart from the primary function for which
it is designed, and in the process eliminates the need of other parts. Hence, the nose is an
inspiration of multifunctionality.

2. Hibiscus flowering plants change the color according to temperature range. Therefore,
hibiscus is a genus of flowering plants, which inspires designs to improve the observabil-
ity of things that are difficult to distinguish, by using colored additives or luminescent
elements.

3. Segmentation of an object into independent parts, e.g., as inspired by orange and similar
entities, so as to make an object easy to assemble or disassemble.

4. Egg inspires to place one object inside another (multiple layer, e.g., eggshell, outer mem-
brane, inner membrane, chalaza, exterior albumen, middle albumen, vitelline membrane)
and thus the inspiration for stacking of objects.

From above examples, bionic artifacts like orange for the balance segmentation, nose formul-
tifunctionality, egg for stacking or cascading and hibiscus for observability, can be indexed.
The indexingof bionic artifactsmakes the retractionof designknowledge easy for the designer
in future. To render the bionic design reuse process and to show forth knowledge indexing
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Fig. 2 Bionic design information retrieval for aircraft design

and abstraction, an example of aircraft design is presented with the help of Fig. 2. Some of
the typical design challenges that require knowledge to solve them are:

• To fly and carry the weight of the people and cargo, the aircraft wings should be aerody-
namically designed for easy flying

• To avoid the contaminants and improve the hygiene during flying, the aircraft should
preferably have self-cleaning mechanism

• To provide the aircraft’s position in low-visibility conditions, and to assist the ground
control staff/other pilots, there should be emission of navigational signals

As per the literature, many information retrieval algorithms are available to improve
retrieval performance. Keyword search is one of the most popular and well-accepted ways
to retrieve needful information [51]. Zhang et al. [52] presented a framework for patent
retrieval, where a list of relevant patent documents could be retrieved based on the generated
queries. Inspired from their work, “relevance” is the key component in the proposed model
for information extraction. Relevance factor measures the information quality, i.e., whether
the available information addresses the existing design problem or not. In this work, the
information can be abstracted based on (i) “relationship extraction,” in the form of identifica-
tion of relations between the design problems and bionic and (ii) “terminology extraction,” to
finding the relevant terms for a given corpus. Therefore, this work applied amultidimensional
binary search algorithm [53] for the keyword search and information retrieval.
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Table 2 Relations between Keywords and Index Knowledge

Knowledge Id Attribute Attributes value/ domain Entity References

BEK0001 Super hydrophobicity aquaphobic (adj.) Butterfly wings [39–41]

water-repellent (adj.)

waterproof (adj.)

directional adhesion Adherence (noun.)

Fidelity (noun)

Stickiness (noun)

structural color constitutional color (adj.)

morphological color (adj.)

skeletal color (adj.)

self-cleaning self-purifying (adj. verb)

cathartic (adj.)

sweeping (noun. and verb)

chemical sensing capability organic perceiving (verb)

chemical detection (noun)

fluorescence emission functions radiance (noun)

luminescence (noun)

illumination (noun)

BEK0002 Surfaces with roughness harshness Lotus [42,43]

irregularity

induced super hydrophobicity hydrophobe

self-cleaning self-purifying (adj. verb)

cathartic (adj.)

sweeping (noun. and verb)

low adhesion coherence (noun)

constancy (noun)

stickiness (noun)

BEK… …… …… …… ……

Bionic Engineering Knowledge (BEK)

Mak and Shu [54] provided taxonomy of verbs that relate biological and engineering
designs. Linsey et al. [55] indicated that functional annotations on diagrams raise the prob-
abilities of effective biological analogies. Vincent et al. [56] presented ‘how’ of biologically
inspired designs in its place of ‘what.’ Taking input from these researches, this work proposes
indexing of bionic databasewith the help of a set of keywords. The keywords are accumulated
based on the research and analysis of natural principles observed in biological systems along
with morphological characteristics. Further, such descriptions are broken into noun or verb
in the form entities, events or relations as shown in Table 2.

In this system, the user entered the design problem in the text. From existing set of
keywords, the system detects some keywords list [1…k] for the design problem. Now user
selects the appropriate database to search the keywords. After that, a binary search begins
where the lowerBound=1 and upperBound=LENGTH(database). When the algorithm finds
a match of required keyword in the index table (e.g., Table 1), it stored its descriptor (natural
objects) in the natural_objects_descriptor field. Now algorithm gives output as a list of
natural_objects_descriptor. The bionic information retrieval algorithm is shown below:
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Algorithm - Searching Algorithm
BEGIN
INPUT REQUIREMENTS - (1) KEYWORDS (which are detected from the text entered by the user in 'Design Challenges' input box); (2) Selected Database 

[(a) Boinic, (b) eDiscovery, (c) Patent, (d) Existing].
1. Based on the keywords the algorithm will perform a binary search [52], (one keyword at a time).
2. list[1…k] is a list that contains total number of unique keywords that are detected; and natural_objects [1..k] will contain 

natural objects that will be searched by our algorithm for a specific keyword.
3. for i=1 to k; INCREMENT BY 1

current_keyword = list[i];
search current_keyword is selected database;
USE BINARY SEARCH ALGORITHM;

START BINARY SEARCH
SET low=1 and high=LENGTH(database);
while(low<=high)

mid=(low + high)/2;
if(database[mid]==current_keyword)

natural_objects[i]=database[mid];
natural_objects_descriptor[i] = database[mid].descriptor;
break;

else if(database[mid] > current_keyword)
high = mid - 1;

else if(database[mid] < current_keyword)
low = mid + 1;

end while
END BINARY SEARCH

end for
4. For each keyword, contents of the natural_objects_descriptor array are the final results.

END

For the example of aircraft design, design challenges are fed as input, and accordingly,
the system generates some keywords and searches the related bionic artifact (Fig. 3). We
have seen that the keyword for the first problem is “fly” and “aerodynamics,” for second is
“self-cleaning,” and for the third problem is “emission.” On the basis of these keywords, the
bionic artifact in the bionic archive is searched. The bionic archive contains the knowledge
with index as shown in Table 1. In bionic archive, the keywords of the problems are matched
with the available knowledge index. Here, for the first design challenge, two bionic artifacts
are detected: one is ‘sea birds wings’ and the other is ‘eagle’s wings.’ For the second, bionic
artifact ‘lotus leaf’ is detected, and for the third challenge, ‘butterfly wings’ is detected. Basic
local alignment search tool (BLAST) is a common tool for conducting similarity searches
among the object. After detecting the biological artifact, the detailed solution is a matter of
scientific study that involves examining what can be extracted, learned and duplicated from
the natural world.

On the basis of available information (from Fig. 3 and Table 1), the following biological
inspirations or knowledge to develop new engineering solutions for aircraft design can be
deduced:

• Sea birds have the ability to sense gust/capful of wind in the air with their beaks and react
by adjusting the shape of their feathers to suppress lift. On the basis of this knowledge, it
is good to design moveable wing surfaces for more efficient flight. This would also help
reduce the fuel consumption.

• The eagle’s wings perfectly balance maximum lift with minimum length by curling
feathers. This adjustable feathers support the eagles from capful of wind. If the aircraft
wing can mimic the upward curl of the eagle’s wings, enough lift would be generated for
efficient flying. Due to the adjusting property of wings (as per wind direction), less effort
is made by the engine for flying; thus, fuel is saved, due to its capability to curl wings,
lees space is required, and in such a case, lesser space would be required for parking.
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Fig. 3 Information retrieval system

• The surface of a lotus leaf has self-cleaning properties. Dirt particles are picked up
by water droplets due to the micro- and nanoscopic architecture of the surface, which
minimizes the droplet’s adhesion to the surface. This property inspires to develop coatings
for cabin fittings, which shed water in the beads and take dirt or contaminants with them.
The process would improve hygiene.

• Fluorescent patches on the wings of African swallowtail butterflies work in similar man-
ner to high-emission light emitting diodes (LEDs). Same technique can be used for
aeroplanes. This ontology helps to recognize the aircraft’s position in low-visibility con-
ditions both visually to ground staff/pilots and satellite imaging.

On the basis of above bionic-based reasoning (BBR), the designer may develop a model for
analysis and simulations. In this example of aircraft design, a knowledgemap based on bionic
knowledge reuse process is presented, which helps to build a framework of knowledge map
system.

While designers have used nature as an inspiration, no standard process exists specific to
the practice of nature-inspired design. Biomimicry [57], spiral design [58] and bio-inspired
design [59] are three most popular existing methods to support the generation of bionic
designs. However, a few gaps are still unplugged to lead to establishment of a successful
bionic design method.
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• The biomimicry design method is unable to satisfy multiple requirements with design
optimization. In biomimicry, iteration is missing to pursue optimization.

• The spiral design method does not explicitly consider a way to guide the quest to satisfy
multiple requirements.

• The bio-inspired design method also shows gaps in design optimization. This method is
more focused on the set of function requirement, rather than proposing the optimal form.

From the above, two commongaps are identified.One is ofmultiple requirements, and another
is design optimization. Only one of the three methods (the spiral design method) entails some
evaluation procedures, albeit limited in scope. To fill this gap, this work proposes a normative
process to reuse designmethodologies prevalent in nature or inspired by biology. The solution
for most of the design problems can be developed by taking inspiration from the biological
systems, with the help of proposed seven-step design process as enumerated below. The seven
steps are:

(i) Problem identification
(ii) Keyword(s) determination (of the problem) and its search in bionic archive
(iii) Biological system selection
(iv) Analogy of the artifact with the problem
(v) Knowledge abstraction
(vi) Product development based on abstracted knowledge
(vii) Solution evaluation

The tasks carried out during each of these seven steps are outlined below:

1. Problem Identification

Identifying customers’ fresh needs or unmet needs, specific design problems and their proper
understanding is the first critical step to successfully implement the methodology. Once the
problem is properly defined, it is relatively easy to generate keywords.

2. Keyword determination (of the problem) and its search in bionic archive

A keyword, typically one or two words, is used to describe the problems in design and
searched when bionic archive is explored. For example, in a jogging shoe, the customer
expects that while running, the shoe provides even feeling and not the jarring transition that
may result in shoe pinching due to stiffness. Hence, after problem refinement and analysis,
the objective functions or keywords while designing a jogging shoe are lightweight, zero
drop, and ultra-flexibility. After determining the keywords, the bionic archive is explored for
the solution. If the solution is not available in bionic archive, the same problem is searched
in nature and natural way is adopted to solve the problem.

3. Biological system selection

A biological system is selected after detecting the bionic index with respect to the keywords.
It may be possible that the program detects two or more biological systems. In this situation,
designer compares solutions available in the biological artifacts and finds an organism or a
system that survives in the most similar case, as the problem being explored.

4. Analogy of the natural system with the product

After search and selection, the designer identified the structures and superficial mechanisms
from the biological system that are related to the problem. Through the BBR, information of
functional analysis, morphology and structure of biological system, the designer sets some
mathematical, geometrical and statistical principles between the biological system studied
and the product to design.
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5. Knowledge abstraction

The knowledge is abstracted from the adherent analogy, most relevant to a particular design
challenge. For instance, design of jogging shoe involves study of bear and its legs. The bears
are generally bulky and robust animals with relatively short legs. Their legs have highly
differentiated bone structures. Foot top is fully covered with hair. However, for complex
products/geometry, functional decomposition during the problem definition step helps in
facilitating the understanding of the biological solutions. After studying the recorded facts
for shoe design, following parameters are recommended:

• Shoe with a curve at the bottom.
• Generous toe box and vamp area along with an articulated sole allows the toes and foot

greater freedom of motion.
• A series of distinct anatomical cushions within the foot helps to protect bone andmuscles

from the impact.

6. Product development based on abstracted knowledge

Translation of the bio-inspired solutions involves interpretation of one domain space (e.g.,
biology) into another (e.g., mechanics) by introducing new constraints. After a solution
is well understood, important principles are extracted into a solution-neutral form, which
required descriptions that removed as many specific structural and environmental constraints
as possible. Here, the designer translates the principle from biological to mechanical domain
by introducing new constraints. In the case of designing a shoe for poor road conditions, new
criteria of weight, flexibility, impact resistance and manufacturing process are added, along
with refined affordances, for example, in materials.

7. Solution evaluation

This step identifies ways to improve the design and bring forward questions to explore issues
such as those related to design modification or design variety, shape and size, additions or
refinements, etc. This process is done through a procedure named bionic reverse engineering,
the details of which are provided in Sect. 4.2.

3.2 Design reuse and uncertainty minimization

Duffy and Ferns [21] concluded that even though the concept of design reuse is accepted
as a valid approach to design, little endeavor has been made to formalize the components
that outline reuse. They then proposed design reuse models based on the interaction among
six knowledge resources, namely domain knowledge, domain model, reuse library, evolved
design model, complete design model and design requirements. Designers can have difficul-
ties in identifying relevant designs for reuse, especially as the search for information proceeds
back in time and the amount of information available increases. Nature being the best school
for designer, this work integrates bionic archive with Duffy and Ferns [21]; Duffy et al. [2]
design reuse model. On the basis of bionic application, an improvised model is proposed as
shown in Fig. 4.

Designer selects some requirement for a specific problem statement to be incorporated in
design. After that, design reuse involves various activities that utilize existing technologies
to address new design requirements. In order to apply design reuse, it is required that a set
of designed products must exist and the related design information is accessible. Here, a
bionic archive is available where a collection of designed products exists. In general, the
design of products involves a complicated process of mapping from the functional domain to
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Fig. 4 Bionic design reuse model

the physical domain. Hence, a domain model that represents the designer conceptualization
of design has been presented here. This domain model is connected with the bionic library.
Domain exploration understands the design picture and identifies extracts and stores reusable
design. Evolved design looks at any level of abstraction that can be reused and the complete
design models take care of comprehensive definition of new design.

4 Case study

This section presents the implementation of the proposed methodologies illustrate the design
of a shoe meant to maneuver poor road conditions. The proposed case study is divided into
two sections. The first part presents brief implementation of the seven-step design reuse
methodology by analyzing the design problem and developing a solution for the problem of
designing the shoe for the given conditions. Section 4.2 presents mitigation of information
uncertainty in product design by reusing previous design knowledge to improvise the design
process.

4.1 Implementations of bionic design reuse

This part presents a brief implementation of the seven-step design methodology by analyzing
the design problem and developing solution for the problem of designing a shoe meant to
maneuver poor road conditions. The methodology is applied as follows:

I. Problem: Design a shoe that is useful for walking as well as running when the road
conditions are not conducive.

II. Keywords: Low weight, sufficiently flexible, impact resistant
III. Keywords search in bionic archive: The natural solution relevant to the problem iden-

tified is the design inspired by bears’ paws
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Table 3 Analogy of the artifact with the problem on the basis of literature

S. no. Bear Human

1. Average dimensions of front feet are 11.43cm
in length and 10.16cm in width. Rear feet are
17.78× 8.89cm.

NorthAmerican adult Caucasianmales (mean
age 35.5years) have an average foot length of
26.3cm with standard deviation of 1.2cm

2. Each toe has a thick, curved, non-retractile
claw

The heel bone and ankle makes the hind foot

3. Claws of the bear are very sharp Not very sharp

4. To help protect their feet, there are pads at the
bottom

Bottom are slightly soft, i.e., no pads

5. Pads are designed to give them plenty of trac-
tion for walking on the slippery ice

No any pads, incapable to walk on slippery
surfaces

6. Paw skeleton is very similar to that of a human
or a child’s foot

The human foot and ankle is a strong and
complex mechanical structure containing 26
bones, 33 joints

7. Rear foot has the heel while the front does not No heel

8. … …

IV. Analogy of the artifact with the problem: As per the available literature [60], bear paws
and human hands and feet have good correlation in terms of overall size and shape;
however, both have different advantages and limitations. Analogy between the bear’s
paw and human feet is shown in Table 3.

V. Knowledge abstraction

(a) Bears are generally bulky and robust animals with relatively short legs.
(b) Legs have highly differentiated bone structures.
(c) Foot top fully covered with hair. Bottom is flexible so that the bear is able to walk on

mud as well as on improper roads.
(d) Rear foots have the heel.
(e) Stocky wide legs help distribute the weight. Paws are covered with soft leather.
(f) Running speed of a bear is approximately 48km per hour.
(g) Paws covered with soft leather and long hair help to maintain the temperature.

VI. Product development based on abstracted knowledge: The designer is supposed to trans-
late the biological principles into mechanical domain by introducing new constraints.
Bear foot length, girth, basic width, heel height are translated to the corresponding data
for human foot. Proposed design extracts key parameters from bionic data and reuses/
resets parameters for designing the shoe. Here, the goal is to parameterize the given
bionic data set and produce a product from the bionic data by changing the extracted
key parameters. Editing this bionic set of parameters would result in different shoe-
last product models. This is important for effective integration of bionic engineering
with the development and manufacturing process. Table 4 shows the parameters that
may be used to translate biological data into mechanical domain. Once the parameters
are identified, effective constraints/mapping rules have to be evolved. The mapping of
biological knowledge to mechanical data is shown in Fig. 5.

VII. Solution evaluation: Based on the expected solution and evaluation of the prototypes
built, the parameters that do not meet the constraints are modified. This evaluation

123



302 P. Kumar, P. Tandon

Table 4 Product definition
parameters for shoe last that are
define by ISO standard

S. no. Product definition parameters

1. Girth

2. Heel height

3. Length

4. Toe height

5. First metatarsal height

6. Ball girth

7. Instep girth

8. Height of medial malleolus

9. Fifth toe angle

10. ………………

Fig. 5 Translation from
biological to mechanical domain

and modification process is done by bionic reverse engineering and demonstrated in
Sect. 4.2.

4.2 Uncertainty mitigations

The design of a new product normally starts with a limited knowledge, and therefore, the
designers suffer due to lack of sufficient design knowledge, which may lead design uncer-
tainty. This challenge is reduced if suitable bionic design knowledge and concepts, which are
freely available in nature, can be reused (see Fig. 2). During product design, determination
of parametric value of design is a challenging task. As shown in Figs. 6 and 8, this work
also helps in determining optimum parametric values of the concerned product. Kumar and
Tandon [61] had highlighted that product development process includes factors like techni-
cal parameters, material properties, functional and geometrical interdependence. This work
exhibits prior information of all these involves factors along with significance of a bionic and
design reuse methodology to facilitate the smooth process of product development.

The precise information required to address the design problem may be accessed with the
help of bionics. Bionic information can be deduced either through imitating the model or
functional behavior (biomimicry) or by analyzing the behavior (nature inspired). In this work,
an attempt has beenmade to emulate biomimicry through a process,which extracts knowledge
or design information from bionic artifacts. We have labeled this process as bionic reverse
engineering (BRE). The concept of BBR is very similar to case-based reasoning (CBR). The
revised manuscript discusses the BBR process, which includes the following steps: involved

(i) Retrieve bionic knowledge
(ii) Reuse the accumulated design knowledge relevant to the design problem in hand
(iii) Revise, if necessary, the bionic knowledge with respect to the existing problem
(iv) Retain this knowledge in bionic library to create design knowledge archive
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Fig. 6 Work flow of bionic reverse engineering

Here, with the help of bionic artifacts, key product parameters are extracted from the scanned
data, which is then reused for mass customization and designing a new product as shown in
Fig. 6.

Figure 6 also depicts thework flowof bionic reverse engineering process. Here, knowledge
or design information is first extracted from bionic artifacts, and then, the product is re-
produced based on the extracted information. The most important step is to first select the
appropriate bionic artifact and then proceed for digitization. The initial geometry after BRE
is obtained in the form of point cloud, which may be converted to a polygon mesh for three-
dimensional (3D) applications. This mesh model is a low-level digital shape and can be used
to adjust freeform surfaces. This low-level digital shape needs to be imported into a 3D
computer aided design (CAD) environment. With the help of CAD software, a set of bionic
artifact points that lie close to the desired, yet may be unknown surface, is identified. This set
of bionic artifact points is then manipulated to construct a surface model that approximates
the desired surface. As per the design requirement, this surface patch is analyzed for desirable
modifications or mass customization. This is an iterative process. The result of this iteration
is an optimized digital model of the new product form. One such product form may be used
to create product families by varying the perceptive parameters and editing the constraints
(i.e., extracted features like radius, angles, curvature).
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Fig. 7 An illustration of Bionic RE modeling of a bear leg by CAD based modeling strategy

Figure 7 presents an illustration of BRE for designing human shoes with bear paw as
bionic artifact by using the proposed modeling strategy. The example illustrates solving
one of the design problems to help generate bionic design concepts. With the help of 3D
scanners, a point cloud was created and later a mesh was generated by preprocessing the
point cloud data. This mesh model gave rough idea of parameters for shoe design that were
earlier uncertain. The mesh model of bionic bear feet provided information about some of
the freeform surface parameters that may be used for human shoe design, and accordingly
some features of shoe were extracted. Thus, some unknown parameters were known before
hand and later by manipulating the geometric data and knowledge, conceptual data models
were developed, as shown in Fig. 7. For this purpose, the uncertain design parameter (y)
is defined in terms of bionic certain quantities (C1,C2 · · ·Cn), with the help of functional
relation f , as given below:

Here, ci is the parametric value of a bionic feature and function f is a correlation factor
that would help provide definite value to measurement uncertainty. For example, in this case,
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Fig. 8 Various uncertainty minimizations through bionic design reuse

the known information is the length of bear rear foot [C j = 11.78cm (average)]. On the basis
of this information, we can evolve the value of uncertain parameter, here, average length of
human foot as;

= (Correlation factor)× (parametric value of bear rear foot)

For 50th percentile of human foot length (y j ), the value of correlation factor would be
2.2325 s.t. average length of human foot comes out to be

y = 2.2325× (11.78) = 26.3 cm

For unknown quantities, design of experiments has to be performed to find the exact value
of correlation factor ‘ f .’ However, functional relation f is subjected to experience and
knowledge of designer, as well as behavior and property of the relevant parameter. This
technique would help represent and manipulate bionic parameters (e.g., girth, heel height,
length, toe height, 1st metatarsal height, ball girth, instep girth, height of medial) to the
proposed product parameters.

Next stage of bionic reverse engineering is to check whether the product is able to fulfill
the desired needs or not. The designer needs to check the proposed model’s ability to satisfy
architectural, structural, behavioral, functional (both core and ancillary functional), non-
functional, performance, design, derived, and allocated requirements. If the designed product
is not able to satisfy the requirements, the designer may have to modify the design with the
help of CAD package.

As the human fee is of various sizes and even varying shapes, it would be advisable to
develop a product mix that would help the company to satisfy different customers’ require-
ments by offering a wide range of shoe styles and sizes, which can be done by varying the
product design parameters.

Design of any product requires a number of information regarding functional parameters,
design parameters, technical parameters, material properties, geometrical parameters, etc.
It is too complicated to provide the precise information. Through BBR, design reuse can
minimize information uncertainties reasonably as shown in Fig. 8. As in case presented, the
parameters that are uncertain for shoe design, like girth, heel height, length, toe height, 1st
metatarsal height, ball girth, instep girth, height of medial malleolus, 5th toe angle, can be
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Table 5 Various design parameters identify through bionic design reuse

S. no. Uncertain parameter Certain parameter or knowledge

1. Parameter Bear foot parameter

2. Product definition parameters Lightweight, zero drop, and ultra-flexible running shoe

3. Cushioning The sole is mostly devoid of rubber, where midsole and sole
are one and the same piece of material

4. Sole and grip Zero drop sole and foot top fully covered for proper grip

5. Support Soft and pliable layer wraps muscles, bones and tendons to
protect and support the entire foot

6. Contact area When standing barefoot, the heel contacts the ground
neutral to the forefoot

7. Safety A series of distinct anatomical cushions within the foot help
protect bone and muscles from the energy of impact

easily obtained through bionic bear feet as shown in Table 5. Hence, with bionic reuse library,
the information uncertainties are minimized.

5 Summary and conclusion

In design, availability of knowledge and information sources is critical for decision makers
to make the best possible design decision at the right time. During initial stages of product
development, generally appropriate and complete knowledge and information is not available
to designers. This work discusses the application of bionics to support design reuse. A
bionic-based design reuse model has been proposed for efficient collection of knowledge and
information to minimize information uncertainty. On the basis of this research, guidelines
for design reuse are:

Step-I Identification of suitable keywords with respect to the design problem
Step-II Identification of relevant bionic artifact with respect to the given keywords and

accordingly retrieval of bionic design information (refer Figs. 2 and 3)
Step-III Supplying of this bionic design information in the knowledge resources; design

reuse model (refer Fig. 4) for new product design.
Step-IV Optimization of new product design parameters with the application of bionic

reverse engineering (refer Figs. 7 and 8)

With bionic design reuse, design information (i.e., product definition parameters) is
accrued and with the proposed bionic design process, designers are benefitted from the pre-
vious domain knowledge. Bionic solutions provide easy indexing and retrieval for reuse of
relevant designs. Through the example, it is clear that bionic-inspired design hold significant
potential, although it is yet to be fully realized. Design reuse has a problem of design fixation.
It is minimized through coupling of bionic design and existing design reuse archive. With the
help of some examples, we presented the knowledge map based on bionic knowledge reuse
process and its support to product design and thus build a framework of knowledge map
system. However, further research is required to make a bionic archive of design inspirations
and information. The major contribution of this work includes

• As designers have indexing and retrieval problem, a bionic indexing system is proposed
to solve this. Bionic solutions provide easy indexing and retrieval for design reuse.
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• As bionic design is still not a standard process, for bionic design process, a seven-step
process has been proposed in this work. For design reuse in engineering practice, formal
bionic guidelines allow designers to effectively benefit from previous domain knowledge.

• The present bionic design method shows gaps in design optimization. To cope up with
this, bionic reverse engineering can be employed to optimize digital model of a new
product form.
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