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Biomimetic design performed to develop a solution-shape has been offered as a successful approach for
overcoming the limitations of typical design methods. Especially for the nose-shape of high-speed trains,
the morphological characteristics of a superior bio-model were used in the design process. However, cur-
rent design methods using the biomimetic approach, particularly in the morphological domain, do not
support a technique to evaluate how close the new solution is to the optimal one; nor do they support
alternative methodologies used to validate and verify the solution-shape being developed. Solution opti-
mization in a biomimetic design means not only preserving the original shape of a bio-model but also
validating and verifying it. Shape optimization for a design problem should accompany shape evaluation
and modification conducted according to criteria involving both evolutionary traits and technological
constraints. In this research we suggest a method to verify the original shape, and to validate the solution,
using theoretical backgrounds from both systematic biology and evolutionary biology. In this paper, the
morphological characteristics of a bio-model are verified and modified using a quantitative method. To
validate the solution developed, new criteria are applied for high-speed-train design.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Biomimetic design is an approach supporting development of
design solutions by applying superior features or traits that exist
in nature. Sources for these solutions may involve natural materi-
als, mechanisms, morphologies or ecological characteristics
[12,15,1,23,33,36]. Especially in cases of biomimetic design for
vehicles, most designers use morphological models based upon
the exterior shapes of fishes or birds, animals known to be aero-
or hydro-dynamically superior species. Such shapes are also suit-
able for application to the basic shape of a vehicle. A basic shape
provides the outlines of an exterior design of a vehicle before it
is polished for mass production [1,19]. In fact, the conical nose
shape of the Shinkansen 500 series high-speed train was proposed
from a biomimetic design based on the bill shape of a kingfisher.
The reason the shape was highly rated as a suitable (train) nose
shape was the aerodynamic advantage gained when a kingfisher
dives into the water to hunt a fish [26]. The bill shape of kingfisher
is an adaptation to this ecological condition and the engineering
designers reused that information to design a successful low-resis-
tance shape for the locomotive nose [21]. As for other cases of
biomimetic design, the morphological advantages of the bio-model
were transferred to the basic shape of the vehicle by directly mim-
icking the original biological shape [15,21,26]. Before this, the mor-
phological optimization of the train nose-shape was regarded as an
extremely difficult problem because the mechanism producing
energy loss—noise and vibration mostly produced by friction and
vortices—is almost indefinable [30]. The biomimetic design that
resulted in development of the solution-shape was considered a
successful attempt to overcome the limitations of typical nose-
design methods. However, even though there is no doubt that
mimicking the original biological shapes will provide superior per-
formance, optimizing a shape for a defined design problem means
not only preserving the original shape of a bio-model but also
‘‘applying an analogy’’ [1,23,35]. The matter of shape optimization
involves validation and verification of morphological features that
are adaptations to achieve specific functions under particular eco-
logical conditions [23]. This provides critical information to answer
the question. ‘‘Is the developed solution-shape optimal for the
design problem?’’

In cladistics, shape of a bio-model is understood as an impor-
tant trace of evolutionary adaptation of species to the conditions
they encounter in nature [1,13,18,29]. Furthermore, each sub-
feature consists of a shape that has also been adjusted by these
conditional factors [13,29]. This explanation arises one important
v. Eng.
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message: morphological characteristics described in a bio-model
have developed by a continuous process of evolution through the
long-term adaptation of sub-features (e.g., eye-ridge, nose, or dor-
sal keel). One other important implication is that these long-term
adaptations of sub-features are the results of a process for sur-
mounting limitations imposed by environmental or ecological con-
ditions [13].

A generalized analysis of how sub-features have evolved to
achieve specific functional abilities is almost impossible; although,
at least the performance of the inner mechanism of evolution, and
functional explanations about why those sub-features had to be
adjusted, are comparable and understandable from the perspective
of synthetic evolution [12]. Using this academic agreement that
sub-features have adapted in response to several functional
requirements, cladistics researchers have defined categories and
allocated species to form a phylogenetic tree. These functional
requirements would be derived from environmental or ecological
conditions [13,18, 29].

There are two reasons why these implications are important in
this research. First, they provide a theoretical basis for the decom-
position of a shape in a bio-model into sub-features for evaluation
using a top-down approach. Second, they provide a theoretical
background for the re-composition of modified sub-features into
several solution-shapes using a bottom-up approach. Specifically,
it is possible to evaluate shapes using a functional approach to
shape decomposition, and by application of functional criteria orig-
inating from the problem definition. The criteria that originated
from the problem definition (for example, the design criteria for
the nose-shape of a high-speed train) are used in the evaluation
phase to reflect the practical constraints of the design object. How-
ever, as we pointed out, previous cases in biomimetic design have
not included verification and validation in the development of a
solution-shape because previous efforts were too focused on mim-
icking the original shape and delivering its original characteristics.
Thus, current practice in biomimetic design, especially in the mor-
phological domain, does not support techniques by which to judge
how close a proposed solution-shape is to an optimal solution; nor
does it provide alternative methodologies to validate and verify the
original shape to support the development of the solution-shape. It
would be estimated that those involved in biomimetic design
could not reuse information about long-term adjustment and opti-
mization processes of a bio-model, but that has only increased the
number of possible solutions available from searching an abun-
dance of creative concepts from nature as the quantity of usable
information has increased. However, validation and verification
of the original shape characteristics can be achieved using evalua-
tion of each sub-feature, and modification of each sub-feature, in
relation to design constraints. The adaptation of parametric model-
ing from evolutionary biology using interdisciplinary knowledge,
could provide a complementary methodology by which to validate
and verify the original bio-model shape, allowing designers to seek
a solution-shape closer to optimal for each specific design
challenge.

In this research, we developed methods for parametric shape
modification, and their application to accomplish the validation
and verification for the original bio-model shape of interest. In par-
ticular, as a case study, the nose shape of a high-speed train was
designed using the proposed biomimetic design methods; Boxfish
is used for this study. The methodology for decomposing the
original shape of a bio-model was developed from evolutionary
knowledge provided by biological studies. To figure out the design
criteria of the product, the nose shapes of high-speed trains were
traced using a quantitative method. The design criteria revealed
were then used for shape modification and application. Each mod-
ified sub-feature of the bio-model was provided in the form of a
number of alternative solution-shapes, and these were evaluated
Please cite this article in press as: S.-J. Kim, J.-H. Lee, Parametric shape modi
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by simulation. This methodology would be a good step toward
the development of a practical process for robust shape modifica-
tion, and would provide a complementary method by which to
address the current limitations of morphological biomimetic
design.
2. Related work

2.1. Biomimetic design

Biomimetic design is an alternative approach by which to apply
a superior form or mechanism that exists in the nature, to solve a
particular problem [15,23,36]. Typically, the function desired of a
design project is the key to evaluating the effectiveness for the
defined problem, of the form or mechanism of the bio-model cho-
sen [15,23]. However, there is a ‘‘large’’ and ‘‘obvious’’ gap between
choosing a bio-model and making it effective, that has highlighted
the need for a new methodology to relate these in a systematic way
[15]. The gap is still the main obstacle in systematic-design model-
ing methodology, even though early biomimetic design dates back
thousands of years [15]. The close relation of the biological knowl-
edge of a designer and the potential for solving a specific problem
in biomimetic design is also not absolutely irrelevant [15,23,36].
Motivation to use even this currently-limited design approach is
still valid because the high probability of providing a superior solu-
tion to the market is supported by previous cases [33]. The fact that
there exists limited methodological support for this design
approach is not negligible, but at least quantitative and qualitative
enhancements have been made, from the perspective of attaining a
solution set [5,23].

In several pioneer studies focused on the design of cruising
vehicles (e.g., automobiles, trains, and submarines) researchers
aimed to adapt typical cruising shapes from appropriate
bio-models to provide their basic shapes [6,9,25,31,38]. Ecological
knowledge as a complement to engineering design is believed to
provide a way to increase the probability of developing ideas for
superior engineering solutions [14,17,33]. When used to provide
the basic exterior shape of a vehicle, simple parameterized
bio-shapes have been helpful in designing low-resistance vehicle
models. However, even though ecological knowledge may be
applied to parametric shape-modification, the defining issue of
morphological parameters remains: specifically, morphological
parameterization and its analysis.

Kindlein and Guanabara summarized [23] the neutral process
that engineers face when they solve a problem using a bionic
(bio-inspired design) approach. In this research, the overall process
of biomimetic design was decomposed to (1) sample selection, (2)
sample collection, (3) sample preparation, (4) sample observation,
(5) parameterization, (6) creating analogy between the natural sys-
tem and the product, and (7) application of biomimetic design to
the project [23]. These sequential design stages roughly point out
how designers can introduce biological knowledge into the general
design process. However, even though sequential models were
established, the research was restricted to domains of natural sci-
ence. Conclusively, the highly problem-oriented character of bio-
mimetic design did not encourage the appearance of a universal
design methodology [33].
2.2. Top-down and bottom-up approaches for shape analysis and
modification

In biomimetic design, a design approach has been developed by
which to apply biological knowledge to the design process. Biomi-
metic-driven, problem-solving design requires the use of a bio-
model. Inadequate biological or ecological knowledge in a
fication and application in a morphological biomimetic design, Adv. Eng.
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biomimetic design occasionally causes suitability issues regarding
the engineering solution being developed. The roles of top-down-
based understanding of the bio-model, and bottom-up-based solu-
tion development in general biomimetic design, were diagrammed
below (Fig. 2.1).

Usually, the top-down approach is generally applicable for
understanding bio-models. In particular, to understand the aerody-
namic properties and morphological characteristics of a bio-model,
the model should be finitely decomposed to the appropriate level.
Unfortunately, top-down biomimetic analyses do not provide clear
criteria for understanding parametric model decomposition. This is
because most biomimetic designs are conducted at nano or micro
scales, rather than at macro scale. Although existing cases of bio-
mimetic design cannot support the criteria for parameterization,
the morphometric approach, which has been used to support
bio-model quantification, provides methodological criteria that
may be used to decompose one bio-model into several parameters
defined at a meaningful level. In addition to its application to
design problems in hydrodynamics and aerodynamics, the top-
down approach also reveals bionic properties that could not have
been introduced before [1].

However, at the stage of generating solutions (i.e., developing
an engineering solution for the problem faced) the top-down
approach cannot support the application of pertinent biological
knowledge [1]. To apply the original bio-model to the engineering
solution, and to include biological knowledge, a bottom-up
approach is required: the principle-applied composition of possible
design alternatives supports the appropriate derived-solution, via
evaluation for alternatives. The bottom-up approach of biomimetic
design has advantages in the application of sub-solutions, and the
generation of alternatives. The predefined criteria of model-modi-
fication, guide the morphological deformation used to generate
sub-solutions that serve as sub-features for a design alternative
that will be composed of the new sub-features generated. This pro-
cess is controlled robustly by the defined criteria. Designers can
expect robustness at the design phase by using the bottom-up
approach. The sub-features making up the alternative models are
Fig. 2.1. Top-down and bottom-up approac
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evaluated by engineering criteria to derive appropriate solutions.
The sub-features generated provide varieties of alternative design.
This process can allow multivariate consideration during the phase
for generating design alternatives [1].

2.3. Landmark-based shape decomposition and parameterization

To reveal the functional potential of a shape in a biomimetic
design, understanding the compositional result added by the func-
tion of each sub-feature is as important as understanding the bio-
logical mechanism that developed each specific sub-feature of a
shape. In particular, the application of a morphologically superior
bio-model to a design project, introduces a fundamental objectivity
in achieving an optimized manifestation of the desired function.
This is the reason why post-manipulation of the morphological fea-
tures defined by the chosen bio-model must be conducted using
engineering criteria defined by a problem, including a sense of val-
idation and verification. This is the point of the bottom-up
approach upon which this research is focused. Technologically,
the bottom-up processes for composition and reevaluation have
been methodologically reviewed, and used in many nano-scale
biomimetic design studies; even the concept has been theoretically
discussed in the field of bioinformatics. However, a systematic
method for defining the sub-features of a bio-model, have not been
proposed for macro-scale biomimetic design. For these reasons,
there is a clear need to develop a method supporting a top-down
approach for shape decomposition and evaluation; specifically,
the method has to be applicable for decomposing complex and
atypical shapes.

Some time ago, evolutionary biologists needed a method that
would allow comparison of morphological differences observed,
and that could provide evidence to judge trends in the evolutionary
flow [16,27,32]. With the (then) newly developed method, biolo-
gists were able to compare specimens and thereby judge their hier-
archical positions in the flow of evolution. This quantitative
method, morphometrics, was developed to evaluate and quantify
the complex atypical shapes of bio-models [16]. Accordingly,
hes in the biomimetic design process.

fication and application in a morphological biomimetic design, Adv. Eng.
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morphometrics provides the theoretical foundation for shape
decomposition required for the top-down approach to define the
sub-features that make up a complex shape. This method is also
used to trace the process of change appearing in a time-series of
excavated artifacts because the method is applicable for analysis
of objects which have complex and atypical shapes. This could be
understood as an attempt to reveal the ‘evolutionary’ characteris-
tics implied in the morphological changes of artifacts [8,10,39].

Most research focused on morphometric analysis of a form has
occurred in the field of evolutionary biology. Biologists have used
this quantitative method to trace species and to position a speci-
men on the tree of phylogenetic classification. For example, the for-
mal sub-features of fishes were defined as landmarks [41] and the
traces and quantifications of those landmarks revealed trends in
the morphological deformation of species [11,28,37,40,41]. In addi-
tion to defining such landmarks using the exterior features of spec-
imens, biologists also use interior, bony elements to trace
evolutionary changes [20,24].
3. Methodology

3.1. Design method

According to the design research of Kindlein and Guanabara
[23], the biomimetic design process consists of five steps: (1)
search for a bio-model appropriate for the defined design problem,
(2) verification of the morphological feature of the chosen bio-
model, (3) adaptation of biological parameters, (4) evaluation of
the morphological feature using problem-oriented criteria, and
(5) implementation of a shape for manufacture. The biomimetic
process used to create a nose design for a high-speed train, the sta-
ted overall goal of this study, also basically follows these steps
(Fig. 3.1).

The morphological parameters chosen should be applicable for
the generation of design alternatives. The practical definition of
parameters for the basic shape represented by the bio-model is
conducted using morphometric methodology. This is essential to
bridge the gap between design quantification and biological
knowledge. The systematic and quantitative methodology pro-
vided by morphometrics, born in evolutionary biology, has itself
been adapted for the quantitative analysis of bio-shapes. By devel-
oping this systematic framework, engineering designers were able
to adapt a computational tool for quantitative bio-shape analysis
Fig. 3.1. The biomimetic desig
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[10,28]. The morphological parameters defined by morphometrics
can support the appropriateness of shape modifications.

Second, definition of the criteria applied to shape modification
is related to the engineering problem. The shape of the chosen
bio-model has to be modified using problem-oriented criteria
before adapting it to provide a solution [1,23]. The issue of robust-
ness in biomimetic shape modification has been supported by the
bottom-up design approach used in most nano-scale design
research [22,34]. The bottom-up-based parametric modification
of the original bio-shape can provide robustness with regard to
the chosen parameters, and to the criteria of modification.

In its first step, this work involved pioneering research on a
Boxfish-shape-adapted high-speed train model (hereafter referred
to as BTM). (The term boxfish is applied to a group of more than 20
species in Family Ostraciidae.) The aerodynamic effect from use of
the BTM provided outstanding simulation results. This BTM is
based on one of the lowest-resistance shapes in nature [2,3,6] ,
and the superior results from simulations by these workers, was
regarded as due to the morphological advantages of the Boxfish
shape. The Boxfish shape adapted to the high-speed train model
here also provided superior simulation results, but the specific cau-
sal relationship was not revealed in these results. Even though the
interrelationships by which each morphological feature impacts
the overall aerodynamic property was not revealed experimen-
tally, all such findings support the theoretical reasons for applying
the Boxfish bio-model to the shape-optimization of the front part
of a high-speed train.

Typically, the biomimetic concept implies that the design
work include analytical verification of the bio-model according
to criteria specified by the design-problem. However, the
approach to model verification has not yet been developed in a
systematic way. Although biomimetic studies could not provide
support for a systematic theoretical concept, in this research, a
systematic framework was adopted (and adapted) from biological
studies. In the domain of high-speed-vehicle design, for trains in
particular, the open-country running condition is given priority
[19]. This cruising condition was recognized as one of the most
important factors for determining the efficiency of trains, during
verification research intended to interpret the aerodynamic char-
acteristics of fish-like shapes (which, after all, are adaptations for
movement through water, not air). These scientific approaches
allowed the adaptation of these systematic frameworks, and of
the defined morphological features (landmarks), for biomimetic
design work.
n process of this research.

fication and application in a morphological biomimetic design, Adv. Eng.
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Third, the morphological features described by the bio-model
should provide criteria by which to commence modifying the ori-
ginal shape to a shape optimal for the nose of a high-speed train
(the defined design problem). In other words, the quantitatively
explained aerodynamic adequacy of the modification has to be
constructed out of morphological features predefined by bioengi-
neers. As for the definition of the morphological parameters, con-
necting the result of morphologically-analyzed high-speed train
design and the result of the morphologically-analyzed bio-model
(Boxfish) supports the adequacy of the defined morphological fea-
tures (parameters) as to whether these parameters have appropri-
ate meaning for this specific problem [7,10].

Fourth, the developed vehicle models should be evaluated by
criteria revealed in the problem domain. In this research, Compu-
tational Fluid Dynamics (CFD) simulation was used to evaluate
the aerodynamic characteristics of the newly designed vehicle
model. As mentioned above, high-speed train vehicles are usually
tested under the assumption that the designed train model is run-
ning on a straight railroad constructed in the open [19]. (Velocity:
88.333 m/s, Gap between train and rail: 300 mm, Density of air:
1.225 kg/m3, Temperature of air: 288.16 K, Viscosity of air:
1.789e-05 kg/m-s, Ratio of specific heats: 1.4.)

3.2. Parameterization and shape modification

In this research, biological knowledge was introduced into the
biomimetic design-process using the bottom-up approach. This
approach has been widely used in nano-scale biomimetic design
due to its advantages for morphological manipulation. The
imported, 3D-shape information of the bio-model has the format
of points cloud. Each point in the cloud contains specific location
information. In this sense, the points cloud model represents the
entire bio-model after scanning with a scanning tool; finely
scanned points should be relocated using Cartesian coordinates.
Parameterization of the bio-model implies the classification of
points. The tendencies of the line segments linking two neighbor-
ing points were used as criteria for point- classification. The defini-
tion of each morphological parameter, based on morphometric
knowledge, was matched with classified points. This required the
modification of each morphological parameter used in the BTM,
according to the criteria predefined from the landmark analysis
(Fig. 3.2).

Defined modification-rules numerically guide the modification
of a basic shape by each morphological parameter. Thus each
parameter is modified according to the shape-modification criteria.
Especially in this research, the nose length, eye-ridge, pitch angle,
and the side area of the BTM head were modified by the defined
criteria. Morphometrically analyzed train designs provided quanti-
fied data for the total exterior length of the nose (NS-CV), the height
of the nose (CV-LS), the slope of the representative line (linear rep-
resentation of distributed landmarks), and the area of the side of
the nose (area of the overall truss structure) (Fig. 3.3). Each set of
quantified data was applied to achieve the shape modification.

Existing high-speed trains have nose structures about 6–8 m
long, but the BTM model had a nose length of about 4.2 m, set by
the original proportion of Boxfish bio-model. Although, it showed
superior aerodynamic characteristics in this form, this model
should also be used to predict results for nose- structures of other
lengths. With this in mind, the research simulated models with
alternative nose-structure lengths. Thus, to detect the effects on
aerodynamic characteristics when the nose length is changed,
the researchers controlled the points representing the nose param-
eter, to proportionally extend the length-directional components
by 0.125 times.

The aerodynamic effect of the eye-ridge has not yet been
detected. When applying the bio-model in high-speed trains this
Please cite this article in press as: S.-J. Kim, J.-H. Lee, Parametric shape modi
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eye-ridge feature can give either a beneficial or detrimental aero-
dynamic effect. To predict the aerodynamic tendency resulting
from the eye-ridge parameter, this research should consider this
parameter an independent variable. To detect the effects of eye-
ridge-removal on aerodynamic characteristics, researchers con-
trolled the points representing the eye-ridge parameter to create
two options (eye-ridge present and eye-ridge removed). When
the eye-ridge was removed, researchers controlled the points of
the extended splines.

The pitch angle of exterior model was one of the major param-
eters used for the aerodynamic bio-model experiment. This exper-
iment was adapted from the Boxfish exterior model research of
Bartol et al. [4]. Along with the lines, in the existing high-speed
train designs, the slope-angle of the front of the head-structure
should be modified and evaluated during the design process. Actu-
ally, the angle factor was not considered in traditional vehicle
design processes; however, the design process inspired by inclu-
sion of ecological information made it prudent to verify bio-mimic
models using biological aerodynamic or hydrodynamic properties
from biological studies.

The area of the exterior model was widely used in the morpho-
metric analysis. The calculated area of the truss-expressed shape
represented the character of the shape. However, like the pitch
angle factor, the area factor needed to be verified before introduc-
ing the factor into one of the modification parameters because the
factor had not yet been verified as an aspect of train-design.
4. Result

4.1. Landmark analysis for shape modification

4.1.1. Quantified Result 1 — Length of the train nose-structure
Most of the high-speed trains analyzed had nose-structures

from 6 to 8 m long. Overall, the graph in Fig. 4.1 shows the ten-
dency toward increase of the total nose length, model by model.
This implies a need for nose-length transformation and related
shape modification. For the nose-length transformation, this
research used a transformation of the length-directional nose-part
from 6 to 8 m.
4.1.2. Quantified Result 2 — Slope of the train nose
The nose-slope of each high-speed train specimen was calcu-

lated using the morphometric truss model (used for shape quanti-
fication, see Fig. 4.2). The slope represents the ratios and angles of
the shape of the train nose. The graph shows quite unsteady ten-
dencies in the slope changes (Fig. 4.3). This implies the need for
nose-angle transformation and related shape modification. The
nose transformation criterion in this research was the angular
transformation from 0.2 to 0.35.
4.1.3. Quantified Result 3 — Area of the train nose-structure
Most of the high-speed trains analyzed had a nose area of 12–

17 m. The graph in Fig. 4.4 shows the quite linear tendency of area,
model by model. The tendency is one of gradual increase, but this
tendency should be understood in relation to variations in the nose
length. The nose area showed a tendency toward gradual change in
relation to changes in the total nose length because the height of
the high-speed trains was quite uniform. This makes it hard to con-
sider the area factor as a modification parameter. In order to con-
sider only the independent factors in morphological modification,
the area factor was not considered a modification parameter in this
research.
fication and application in a morphological biomimetic design, Adv. Eng.
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Fig. 3.2. Framework for shape parameterization and modification.

Fig. 3.3. Parameter definition of BTM.
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4.2. Parametric model generation

4.2.1. Parameter 1 — Length of the train nose
In this research, the bio-mimic train model (BTM) has the shape

of the Boxfish bio-model; the size was rescaled to the real size of a
high-speed train but the proportion of each feature was not
changed.

Existing high-speed trains have noses about 6–8 m long, but the
BTM nose was about 4.2 m long (the original proportion of the Box-
fish bio-model). Although, the nose at this size showed superior
aerodynamic characteristics, this model should also be used to pre-
dict such characteristics when the nose length is transformed. To
Please cite this article in press as: S.-J. Kim, J.-H. Lee, Parametric shape modi
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indicate the tendency when the nose length is transformed, models
were used to simulate conditions when the nose length was varied.
Thus, to detect the effects on the aerodynamic characteristics when
the nose length changed, the researchers controlled the points rep-
resenting the nose parameter to proportionally extend the length-
directional components by 0.125 times (Table 4.1).

4.2.2. Parameter 2 — Eye-ridge of the train nose
The aerodynamic effect of the eye-ridge has not yet been

detected. When applying the bio-model in high-speed trains this
eye-ridge feature may give either beneficial or detrimental aerody-
namic effect.
fication and application in a morphological biomimetic design, Adv. Eng.
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Fig. 4.1. Nose length variations of high-speed train specimens (plotted by Origin).

Fig. 4.2. Linearly-represented nose of each high-speed train design (plotted by
Origin).

Fig. 4.3. Variations and tendency of the slope of the nose (plotted by Origin).

Fig. 4.4. Variations in nose area of high-speed train specimens (plotted by Origin).
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To predict the aerodynamic tendency observed for the eye-ridge
parameter this parameter should be considered an independent
variable. To detect the effects on aerodynamic characteristics when
the eye-ridge is removed, the researchers controlled the points
representing the eye-ridge parameter to provide two options
(eye-ridge present and eye-ridge removed). When the eye ridge
was removed the researchers controlled the points of the extended
splines (Table 4.2).
4.2.3. Parameter 3 — Angle of the train nose
The slope angle of the exterior model, was one of the major

parameters of the aerodynamic bio-model experiment. This exper-
Please cite this article in press as: S.-J. Kim, J.-H. Lee, Parametric shape modi
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iment was adapted from the Boxfish exterior-model research of
Bartol et al. [4]. Along with the lines, in existing high-speed train
designs, the nose-slope angle of whole front of the nose-structure
should be modified and evaluated during the design process. This
angle factor was not considered in traditional vehicle-design pro-
cesses but the design process inspired by the inclusion of ecologi-
cal information called for the verification of biological aerodynamic
(or hydrodynamic) properties from biological studies.

From the morphometric analysis conducted during analysis of
existing high-speed trains, the criterion of the angular transforma-
tion was defined. In this research, the nose transformation criterion
was angular transformation from 0.2 to 0.35. Thus, to detect the
effects on aerodynamic characteristics when the nose angle chan-
ged, the researchers controlled the points representing the nose
angle parameter to steadily tilt the components in 0.05 degree
intervals.

4.3. Generated model evaluation

4.3.1. Parameter 1 — Length of the train nose
This research used a CFD simulation to identify the relationship

between nose length and aerodynamic characteristics.
As a result of the simulations, a tendency was found toward a

decrease in the total coefficient as the nose length increased. How-
ever, to identify the total tendency, designers should analyze each
tendency of the pressure coefficient and the viscous coefficient
separately. The total coefficient is represented by the sum of the
pressure coefficient and the viscous coefficient.

Regarding the pressure coefficient, the value decreased with
increasing nose length. However, in regards to the viscous coeffi-
cient, no steady tendency was detected.

The tendency of the pressure coefficient is shown in Fig. 4.5: the
pressure coefficient decreased when the nose length increased. The
viscous coefficient also generally decreased (Fig. 4.6), but at partic-
ular points the values showed an irregular tendency.

As can be seen in Fig. 4.7, the plotted graph of the pressure coef-
ficient and of the total coefficient are very much alike. Concisely in
this case, the total coefficient, numerically representing the aero-
dynamic drag, is obviously dependent on the value of the pressure
coefficient, not on that of the viscous coefficient.

This interesting correlation result should be understood in
relation to aerodynamics. As the length of the train nose increases,
the total coefficient of the vehicle decreases. When this happens,
the tendency is almost linear. This means that considering only the
nose length does little to confirm whether the model is proper.
The model should be considered from the aspects of material and
of statics. This result suggests a guideline for developing an
fication and application in a morphological biomimetic design, Adv. Eng.
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Table 4.1
A summary of the nose length modification.

Nose 1.000 Nose 1.125 Nose 1.250 Nose 1.375 Nose 1.500 Nose 1.625 Nose 1.750

Table 4.2
A summary of the eye-ridge parameter modification.

Nose 1.000 Nose 1.125 Nose 1.250 Nose 1.375 Nose 1.500 Nose 1.625 Nose 1.750

Eye Ridge Y Y Y Y Y Y Y
N N N N N N N

Fig. 4.5. Changes in the pressure coefficient (plotted by Origin).

Fig. 4.6. Changes in the viscous coefficient (plotted by Origin).

Fig. 4.7. Tendency of the pressure coefficient and of the total coefficient.
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optimal high-speed train model. When developing an optimal
high-speed train design, designers should consider all the different
available features together, and not only design a streamlined nose.
This result also implies the necessity for development using a com-
plex-shape model that could combine other morphological fea-
tures with the streamlined nose shape. In other words, it implies
the limits of the existing high-speed-train design process.

4.3.2. Parameter 2 — Eye-ridge of the train nose
Identification of the effects of the eye-ridge was focused on

detecting its aerodynamic influence when it was applied to a
high-speed train. Biological study of the bio-model suggested that
Please cite this article in press as: S.-J. Kim, J.-H. Lee, Parametric shape modi
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the eye-ridge be chosen as a parameter to identify its role. Of
course, such a ridge has several genetic possibilities, but in this
step this research was focused on two representative options.
One is that it is intergraded in self-optimized progress to adjust
under the environment positively and the other is that it is inserted
inevitably in intergraded progress for the necessity to get eyes neg-
atively. To identify the effects from this parameter, a comparison
simulation was constructed using CFD analysis.

The total coefficient values, and the pressure coefficient values,
have differences but their trends are similar (Fig. 4.9 and Fig. 4.10).
Actually in Fig. 4.8 the viscous coefficient has a smaller variance
than that of ‘eye-ridge present’. In summary, the existence of the
eye-ridge has no practical impact on the total coefficient.

As a result of this simulation, the eye-ridge feature was
underlying in a correlation with fluid-dynamic characteristics of
a bio-model. However, it is clear that the eye-ridge feature does
not provide beneficial effects in the high-speed-train model.
Including the eye-ridge in the biomimetic design will only increase
uncertainty in the design process, and will not provide aerody-
namic benefits. This conclusion is supported by the fact that the
result was similar when the eye-ridge was removed (in the simu-
lation). This also means that, when the eye-ridge feature has been
removed, the developed model will be more predictable in terms of
its aerodynamic characteristics. Thus, from the predictability point
of view, the eye-ridge feature should be removed when the Boxfish
bio-model is applied to high-speed trains.
4.3.3. Parameter 3 — Angle of the train nose
Identification of the effects of angular transformation was

focused on detecting the aerodynamic effect of changing the slope
fication and application in a morphological biomimetic design, Adv. Eng.
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Fig. 4.10. The changes of the coefficient values when the eye-ridge feature exist or
non-exist (X axis; the changes of nose length). Changes in the total coefficient
caused by the eye-ridge.

Fig. 4.8. The changes of the coefficient values when the eye-ridge feature exist or
non-exist (X axis; the changes of nose length). Changes in the pressure coefficient
caused by the eye-ridge.

Fig. 4.9. The changes of the coefficient values when the eye-ridge feature exist or
non-exist (X axis; the changes of nose length). Changes in the viscous coefficient
caused by the eye-ridge.

Fig. 4.11. The pressure coefficient values follow the train surface of length-
direction. Train nose model with slope 0.35.
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of the nose. After morphometric analysis of existing high-speed
trains, the pitch angle was chosen as a parameter to verify its
effects. Following the defined criteria, the researchers simulated
the aerodynamic characteristics of the nose with three slopes via
angular transformation (0.35�, 0.25�, and 0.05�).

As represented in Figs. 4.11–4.13, the decreasing variance
between the maximum values with minimum value (A) became
smaller as the nose angle decreased.
Fig. 4.12. The pressure coefficient values follow the train surface of length-
direction. Train nose model with slope 0.30.
4.4. Discussion

In this research, evolutionary knowledge was used to verify and
validate the shapes used to design the nose-structure of a
high-speed train. The knowledge occurred in the form of the meth-
odology of morphological analysis, which is used to quantitatively
evaluate atypical shapes of specimens. In evolutionary biology, this
method is widely used to compare morphological traits. As we
have explained, the morphological output that designers use in
biomimetic design is the synthetic output based upon the
adaptations of each sub-feature. That is why the morphological
or functional traits of each sub-feature are being quantitatively
compared to trace the process of evolution. This provides a basis
for our methodology, which takes a parametric approach based
Please cite this article in press as: S.-J. Kim, J.-H. Lee, Parametric shape modi
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on morphometrics. Thus, the verification and validation of a shape
is conducted by evaluation of each of its sub-features. Simulation
was used to evaluate the synthetic result of modified sub-features.

By evaluation of the model, this study derived the tendencies in
the aerodynamic characteristics when the nose length, eye-ridge,
and nose slope angle were transformed by the selected criteria.
In the simulation involving nose length, when the nose length of
the basic shape increased the aerodynamic drag was reduced.
Interestingly, this was found to be a direct linear relationship.
When the nose length was extended in the modified bio-model,
fication and application in a morphological biomimetic design, Adv. Eng.

http://dx.doi.org/10.1016/j.aei.2014.09.006


Fig. 4.13. The pressure coefficient values follow the train surface of length-
direction. Train nose model with slope 0.25.
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the result was less aerodynamic drag; a tendency also found in
other studies involving smooth nose shapes. This tendency implies
that when applying the Boxfish bio-model to high-speed trains, the
designer has to consider interactions caused by other features of
complex shapes. Thus, before biomimetic design is conducted the
correlation between component morphological features should
be identified.

Relatively, even removing the Boxfish eye-ridge showed a
noticeable result. Interestingly, when the eye-ridge was removed,
there was a tendency for the aerodynamic drag to show a steady
rate of change. As has been shown, in high-speed train design, pre-
dictability is of critical importance. In contrast to when the eye-
ridge was present, removal of the eye-ridge resulted in steady
change and reduced aerodynamic drag, making it more appropri-
ate to leave this feature out of high-speed train designs. Following
these simulation results, it was concluded that the eye-ridge fea-
ture was purely related to the eye and should not be incorporated
in high-speed train designs.

Last, decreasing the slope angle of the front (nose) of the train
induced decreases of variance between the maximum pressure
and minimum pressure. The steep variance between maximum
pressure and minimum pressure causes inappropriate vortices
when a high-speed train is cruising. If the nose-slope angle of
high-speed trains was changed to 0.25 (the mean value of existing
high-speed trains), design engineers could expect less of the vorti-
ces and resistance caused by the pressure variance at the front. Fol-
lowing these simulation results, it was concluded that the slope
angle of the front should be adjusted using the chosen criteria.

In summary, the modified model (BTM) had aerodynamic
advantages compared with the basic shape of the Boxfish bio-
model. From the perspective of total coefficient, the BTM (nose
length: 8 m, eye-ridge removed, slope: 0.2) provided a 21% reduc-
tion of the total drag coefficient. Usually the total coefficient value
is used to evaluate the aerodynamic character of designed object.
The result of the CFD analysis indicated conditions during the
cruising condition of a high-speed train. The aerodynamic charac-
teristics indicated by this analysis can be considered with other
research that was conducted to define the other driving conditions
of a high-speed train.
5. Conclusions

The efforts for biomimetic design have been focused on deliver-
ing morphological advantages, by direct mimicry of the chosen
bio-model shape, to a design object. However existing design cases
based on the biomimetic approach imply that direct mimicry is not
the best way to achieve an optimal solution. In this research, the
weaknesses in verification and validation of the chosen shape are
Please cite this article in press as: S.-J. Kim, J.-H. Lee, Parametric shape modi
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specified. Unless these weaknesses are surmounted, the concept
of optimal design using the biomimetic approach is inexplicit.
Computational methods might provide a solution for the issues
of shape verification and validation. Specifically, application of
parametric shape modification is proposed to accomplish the
research goal. From the methodological point of view, the biomi-
metic-design approach is noteworthy because it guides designers
to solve a design problem by applying evolutionary procedures
(adaptation) or by including evolutionary input during the design
process as design knowledge. Thus the systematic methods (para-
metric shape modification and application) should be informed by
evolutionary knowledge. More specifically, the shape parameters
that we defined should provide the evolutionary background of a
species. The methodology of morphometrics was created to quan-
titatively compare the morphological traits diversified through
evolutionary processes. This methodology is applicable for the
quantitative comparison of shapes, especially for comparison of
atypical shapes, because most of the morphological traits of spe-
cies are atypical. In this research, the shape parameters defined
using morphometrics were used for shape modification and appli-
cation. In addition to the use of morphometric methodology, was
the use of landmarks to parameterize the bio-model. Using a Box-
fish bio-model, known to be a low-resistance shape, the front
(nose) of a high-speed train was designed. The applied landmarks
(parameters) were drawn from the background research con-
ducted to examine the aerodynamic properties of these Boxfish
shapes: nose, eye-ridge, and hydrodynamic pitch angle. Even
though this design case could not deal with other bio-models,
the landmark adaptation process addresses the need for a method-
ology to parameterize models.

The criteria for shape modification were adapted from the ana-
lyzed results of high-speed-train fronts designed by Japanese rail-
way companies. To analyze existing high-speed train shapes,
morphometric methodology was applied in this design process.
The landmarks needed for shape analysis were adapted from the
design study of high-speed trains, and fundamental design ele-
ments for train nose design were adapted. By using morphometric
analysis the most important criteria for shape modification were
found to be the length, area, and nose-slope angle. Using bottom-
up model generation, several alternative designs were generated.
The defined criteria guided the modification of the basic Boxfish
bio-model. Analyzed results from the morphometric design analy-
sis suggested that the research should include length-directional
nose transformation, two eye-ridge parameters (presence and
absence), and nose-slope angle transformation. CFD simulations
were conducted to evaluate the aerodynamic properties of the
designed vehicle model. In simulations involving nose length,
when the nose length of the basic shape increases, the aerody-
namic drag is reduced. Interestingly this tendency is a direct linear
relationship. Extension of the nose length of the bio-model results
in lower aerodynamic drag, and similar results have been reported
in other studies of smooth nose shapes too. When the eye-ridge
was removed there was a tendency for a steady rate of change in
the aerodynamic drag. Following the simulation results of their
aerodynamic properties, it was concluded that the eye-ridge fea-
ture was present purely to accommodate the eye, and that it
should not be incorporated into high-speed train designs. The
decreasing variance between the maximum drag coefficient values
with the minimum coefficient value becomes smaller as the nose
angle decreases.

The geometrical parameters that mathematically define a shape
are widely used in solving the problem of nose shape optimization
of high-speed trains. However, their mathematical representation
is almost impossible if a complex atypical shape is applied to the
nose by a biomimetic design approach. Thus the deformation and
optimization of the applied basic shape is almost impossible unless
fication and application in a morphological biomimetic design, Adv. Eng.
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the current method provides controllable geometrical parameters
to describe the complex atypical shape. Moreover there is a point
often missed regarding shape modification. Shape verification
and validation is necessary because designers use a shape as out-
put for showing adaptations. The evolutionary process of one spe-
cies is equal to the cumulated process of all adaptations, and in
biomimetic design, designers apply morphological advantages to
the design object to satisfy design requirements. In other words,
‘shape’ and ‘morphological advantages’ are synthetic outputs of
the evolutionary processes of each sub-feature. Nevertheless, there
is no chance to reflect the traits of specific sub-features that
directly colligate with evolutionary shape modification. That is
why we apply the sub-features as shape parameters for the shape
modification to verify and validate the chosen shape. The simula-
tion results, achieved by deformation of these parameters, indicate
that modification of some sub-features could improve results
beyond that of the initial shape of the chosen bio-model. The ver-
ification and validation of each sub-feature should be conducted to
improve and optimize the chosen bio-model. The research findings
include the necessity of close study on sub-features that are
revealed to be inappropriate for application in the design of the
nose shape of high-speed trains. Specific reasons for the inappro-
priateness or appropriateness of sub-features were not addressed
in this research. Furthermore, the possibility that there is another,
superior shape that is more appropriate for the nose part of high-
speed trains is not negligible. Further research is needed for
improving the search process that precedes selection of a bio-
model.
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