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Towards a methodical approach to implement biomimetic paradigms in the design of robotic
systems for space applications
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Biomimetic design is considered a promising source of novel solutions to problems in space engineering and robotics in
particular. With the maturing of this discipline, however, a need is identified: a more systematic approach to its application
to reduce the element of chance in the design of biomimetic systems. A methodology is proposed to address this concern
and provide a basis for further development of biomimetic design procedures. The application of this process is illustrated
through case studies of ongoing biomimetics research with relevance to space robotics in the form of climbing robots utilising
synthetic dry adhesives.
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1. Introduction

Biomimetics, the process of extracting concepts from bi-
ological organisms and applying them in engineering, is
a maturing discipline. Currently, most biomimetically de-
signed systems rely on expert input to determine what as-
pects of and in what way biological systems should be trans-
lated into an engineering context. Given that biomimetics
may be applied in many fields of engineering and ideas
may be taken from the whole range of natural organisms,
it is not surprising that this emerging discipline has trans-
formed concepts to engineered systems in a relatively ad
hoc manner so far. In the maturing of this field, method-
ical approaches are desirable. While work in these areas
is ongoing, a main focus has been on the early-stage pro-
cess of identifying biological solutions that may be stud-
ied to address engineering problems in a methodical man-
ner. The authors have felt that approaches that may be
applied to the entire biomimetic design process, includ-
ing detailed system design and implementation, should
also be addressed. Furthermore, while current and near-
term biomimetic design is likely to continue to be expert-
driven, whether methodical or ad hoc, it is felt that potential
for automation should be considered in the development
of generalised approaches. These are, of course, highly
challenging goals and as such this work presents prelim-
inary qualitative suggestions for further progress towards
a generalised methodology. Through development of gen-
eral biomimetic design methodology, it is envisaged that
the biomimetic design of space systems will be facilitated.
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A case study involving current hardware developments is
presented to illustrate the suggested framework. This case
study specifically addresses the design of space systems
using the proposed methodology for general biomimetic
system design. With advances in this field, it is hoped that
generalised biomimetic research carried out by multidisci-
plinary groups may be facilitated and researchers may be
able to turn to biomimetics as a standard option when faced
with the task of finding a novel solution to a problem.

2. Terminology

Goals of the proposed approach to a generalised, compre-
hensive methodology for biomimetic system design include
the enabling of both systematic search for solutions at all
stages as well as potential for automation. A principle iden-
tified challenge relating to these goals is the decoupling of
aspects of biological systems to be considered for transla-
tion so that they may be considered and combined individ-
ually. While such decoupling may be impossible to achieve
completely, the following terminology is suggested such
that it may be implemented to some extent. An example of
use is shown in Figure 1.

Function: A capability of the system to perform a partic-
ular task, e.g. to control altitude in a gravitationally bound
fluid.

Characteristic: A distinctive quality of a system in re-
lation to its function, e.g. lightness, robustness, autonomy
and efficiency.

ISSN: 1176-2322 print / 1754-2103 online
Copyright C© 2009 Taylor & Francis
DOI: 10.1080/11762320902734216
http://www.informaworld.com



88 C. Menon et al.

Figure 1. Single iteration of the system abstraction processes as
shown in Figure 1(c). The boxes in green denote the particular
element sp

v ∈ Sp .

Principle: A means by which a system is able to perform
a function with a certain characteristic or characteristics,
e.g. a physical principle such as creating aerodynamic lift
with an aerofoil shape or creating adhesion through contact
splitting.

Method: A specific way in which a principle or char-
acteristic is implemented, e.g. through use of particular
materials or structures.

Features: The functions, principles, characteristics and
methods of a biological system.

Level of abstraction: Qualitatively, the level of abstrac-
tion of a biomimetically engineered system is a measure
of how dissimilar it is to its biological analogue. A method
of measurement of level of abstraction may be to compare
the principles and characteristics employed in each sys-
tem plus the methods used to implement these principles
and characteristics. We define that a high correlation from
this comparison indicates a low level of abstraction and
vice versa. This metric might be considered in relation to a
biomimetic system as a whole or the translation of a single
function, for example.

3. Biomimetics for space

3.1. Challenges of space environment

In comparison to most terrestrial environments, space poses
specific challenges to robotic systems. Particular differing

physical factors range from the radiation and atomic oxy-
gen environment in earth orbits to harsh extraterrestrial
environments with extreme atmospheric conditions. Not
only do these factors require mitigation through design, but
also most space robotic systems have little chance of being
repaired once in situ, thus making their reliability and ro-
bustness of paramount importance. This isolation of space-
borne robotic systems, with respect to the impact on the
mission of communication with terrestrial operators, fur-
ther motivates the implementation of autonomous capabili-
ties. Requirements for these capabilities may be demanding,
given that such systems must operate robustly in unpre-
dictable or unstructured environments. Furthermore, with
future missions, perhaps involving networks of discrete
robotic agents, greater abilities in terms of autonomous
communication and cooperation will be enabling. Perhaps
the greatest impact on space systems derives from the high
cost of access to space; lower costs can often be achieved
through considerable reduction in mass, volume and power
consumption.

3.2. The case for biomimetics in space

A common statement supporting the usefulness of
biomimetics in engineering is that biological organisms face
many of the same challenges as engineering systems do.
Space presents an environment radically different from that
faced by all known organisms, such that biomimetics might
be thought to be inappropriate in these terms. However, it
can be seen that while direct analogies between space sys-
tems and biological organisms might be less common, many
species exhibit qualities that are highly desirable in space
system design, such as robustness, light weight, low volume
and power, autonomy, adaptability and self-repair. In some
cases, it may even be seen that biomimetic solutions can
even take advantage of the peculiarities of extraterrestrial
environments in novel ways (e.g. Martian atmospheric con-
ditions allow consideration of passively propelled rovers
inspired by tumbleweed (ESA 2005) and insect-inspired
flapping flight (Michelson and Naqvi 2003)).

Previous studies performed by the authors in collabo-
ration with academic and industrial partners, have high-
lighted several fields of space technology development
where biomimetics might be profitably applied (ESA 2005;
Menon et al. 2007a, 2007b). This wide interest in biomimet-
ics in space motivates the continuing growth of biomimetics
as an increasingly systematic and distinct discipline for the
design of novel high-performance space systems. Several
examples are available of biomimetic systems for use in
space studied by the authors in collaboration with vari-
ous research groups and spanning a range of applications
applicable to robotics, each with particular advantageous
characteristics. These include hydraulic actuators based on
the actuation system of the spider (Menon and Lira 2006),
an integrated actuated joint based on the human knee (ESA
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2006) and structurally embedded strain sensors based on
those found in insect exoskeletons (Vincent et al. 2007).
Further examples of potential areas in space engineering
where biomimetics may be applied include life and physical
sciences instrumentation, telepresence, tribology, pyrotech-
nics, environmental control and life support (ECLS) and in
situ resource utilisation (ISRU) (Biomimetic Engineering
for Space Applications 2006).

4. Towards a general methodology

4.1. Problem definition

In the following sections, we present suggestions for the de-
sign of such a methodology for performance of biomimetic
system design specifying what is desired, identifying the
challenges inherent in such an undertaking and reviewing
the state of previous work in this area. While it is deemed
to be most useful to make these suggestions in the context
of biomimetic design as a whole, it is envisaged that such
development would encompass use in space system design
and promote use in this field.

The origin of a transfer of ideas may come from biology
with the identification of an attractive characteristic or at-
tribute in an organism inspiring a search for an engineering
application. On the other hand, a weakness in engineering
solutions may be identified, at which point one might turn
to nature to suggest a novel approach. That initiation may
come from either engineering or biology and wide-ranging
knowledge (whether from experts or databases) from both
fields is a crucial first requirement for systematic biomimet-
ics. Either way, expert knowledge provided from both en-
gineering and biological study is critical at this stage, in
identifying the particular means by which organisms per-
form their functions and matching these potential solutions
appropriately to problems in engineering.

Translation of designs from a biological to an engineer-
ing context is perhaps the most important and most difficult
part of the biomimetic process. As suggested previously,
biomimetics does not seek to merely copy biological sys-
tems, but to apply aspects of their design to achieve func-
tions in an engineered system with different objectives and
constraints. That biomimetics may be applied to several
different space technology areas also increases the com-
plexity of generalising a design process. In addition, the
principles and methods employed in various biological sys-
tems and subsystems are highly variable. Furthermore, new
technologies are offering an increasing number of previ-
ously unavailable options in creating engineered analogues
of biological systems as for example in the potential for use
of shape memory alloys (SMAs) or electro-active polymers
(EAPs) in mimicking the action of muscles in miniaturised
systems. The solution space of options for translation from
a biological to an engineering system can therefore be seen
to be large. Given the large sets of potential problem-to-

solution matches and potential translations of solution to
problem, a biomimetic methodology would ideally allow
some automation of these processes.

An additional barrier to consensus throughout the
biomimetic community is that not only are many differ-
ent disciplines covered, but also most engineers practic-
ing biomimetics are specialised in one area. Indeed, those
active in biomimetic research are often not specialists in
biomimetics specifically, but utilise aspects of biomimet-
ics as a tool for their actual areas of concern. However, it
would be desirable that a biomimetic methodology, as pro-
posed, could also be effectively applied in isolated pieces
of research.

4.2. Systematic biomimetics background

Various efforts have been made towards systematic
biomimetics. Most so far have been focused on the sys-
tematic transfer of ideas. For instance, databases have been
developed for the matching of biological systems to poten-
tial engineering applications (Biomimetics Registry Project
2005; Bionics2Space Database 2005; http://people.bath.
ac.uk/ensab/TRIZ/). In bionics2space.org (Bionics2Space
Database 2005) and the University of Bath’s biologi-
cal effects database (http://people.bath.ac.uk/ensab/TRIZ/),
through careful categorisation of the functions of biological
systems, biological systems with attractive characteristics
can be classified by function to allow a systematic search
for potential solutions. While the utility of such strategies
is highly dependent on the appropriate functional classifi-
cation of systems, these represent a first step towards au-
tomated tools for biomimetics, in initial problem/solution
matching, and a framework for closer collaboration between
biologists and engineers.

Originating from Russia, the TRIZ methodology has
been proposed as a framework for systematic biomimetics
and is related to some of the developments described in
the previous paragraph, where careful functional classifica-
tion is a primary feature. In application to the generation
of novel solutions from patents, it has been shown to pro-
vide not only reliable descriptions of problems, but can
also be used to provide strong indications towards potential
solutions. However, for high functionality, this particular
option for biomimetic design requires expert interaction to
find solutions, and may, therefore, not be ideal for automa-
tion (Vincent and Mann 2002; Vincent et al. 2006). Work
can also be found concerning general systematic engineer-
ing methodology in conjunction with the TRIZ system (de
Carvalho and Back 1999). The focus of these previous ef-
forts into systematic biomimetics has been mainly on initial
problem/solution matching, rather than systematic distilla-
tion of appropriate principles from biological systems and
detailed translation and implementation of these principles
into an engineered system.
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Further to the above discussion we propose the follow-
ing requirements for a potential biomimetic methodology
with the overriding objective of being a useful tool for
the biomimetic engineer: (1) generally applicable across all
technical disciplines relevant to biomimetic system design
(e.g. those described in Section 3.2); (2) generally appli-
cable across all relevant biological disciplines (i.e. those
required for definition of biological system features as de-
scribed in Section 2); (3) does not, through its application,
exclude any possible satisfying solutions and (4) describes
the biomimetic process, from input to final design.

Beginning with only the most fundamental of
biomimetic concepts, we attempt to build a structure ful-
filling these criteria from which the broadest possible range
of further options for development may be derived. For
example, it is hoped that by building from fundamental
components, methodology may be kept general wherever
appropriate to allow automation of parts of the process.
For this reason, the definitions made in the terminology
section are broad. With such a structure, and subsequent
elaborations, the following benefits might potentially be
provided: (a) a guide to biomimetic engineering for those
new to the field; (b) an opportunity to perform a systematic
search for biomimetic solutions, accounting for many pos-
sible matches, and levels of system abstraction; (c) a tool
for the biomimetic engineer, facilitating the tasks required
in the design process; (d) a framework for the analysis and
improvement of the biomimetic design process and (e) ba-
sis for the definition of further tools, potentially for both
the improvement and automation of parts of this process.

Challenges in such a definition, summarised from
above, include (1) the range of engineering disciplines over
which biomimetics can be applied; (2) the range of levels
of abstraction possible in translation of the design, where
many options are often not obvious and (3) the tendency to
perform biomimetics in an ad hoc manner.

4.3. Process flow: baseline definition

We now propose a qualitative high-level process flow that
can be seen in Figure 2. The process has been designed to
include separation of tasks that might be sensibly decou-
pled and address the desires for generality and systematic
search described in the previous sections. While this pro-
cess is described at a higher level than other approaches to
systematic biomimetics discussed in Section 4.2, it attempts
to address the entire design process of a system, including
detailed design and implementation. The constituent tasks
are described below and a hypothetical illustrative example
is presented to clarify its possible implementation.

4.3.1. Input and output

Input to the process (see Figure 2(a)) may be a biological
solution that is observed to perform its function well or in a

Figure 2. High-level flow-chart for a general, systematic process
for biomimetic design.

novel manner from an engineering perspective. It may also
be a requirement for a solution to an engineering problem.
The output should be a satisfying solution to an engineering
problem. For our illustrative example we take as input the
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requirement for a flying device, imagining that no such
device exists yet.

4.3.2. Match problem and solution

From the input of an appealing biological input, the match
problem and solution stage (see Figure 2(b)) would seek
to identify an engineering problem that might benefit from
application of some subset of principles used in the biolog-
ical system. The output of this process is a set of potential
matches of problem to solution. The approaches to system-
atic biomimetics described in Section 4.2 mainly address
this portion of biomimetic design. For the input of an en-
gineering problem, a biological solution should be sought
with potential for application to the whole problem or some
required or potential subsystem.

Consider a problem with i potential matches of problem
to biological analogue, mi , such that the solutions constitute
the set M = m1, . . . , mi . This can then be reduced to the set
of potentially satisfying solutions Mp = {mp

1 , . . . , m
p

j } ⊂
M through expert analysis or other means. A particular el-
ement m

p
u ∈ Mp is the output of the match problem and

slution stage where 1 � u � j . The decision function ‘sat-
isfying combinations?’ passes the elements m

p
u while el-

ements are available (see Figure 2). If no values of m
p
u

remain, the ‘no’ path is chosen and it is concluded that no
satisfying biomimetic solutions are available from the given
input.

For our illustrative example, we choose to simply con-
sider flying biological systems. Any number of bird, insect
and mammalian species might be chosen as a biological
analogue, displaying different strategies and capabilities in
flight, but for simplicity we choose to consider a generic
bird, displaying both flapping and gliding flight, in this
instance. The particular system dealing with flight is the
wings in this case, which perform several distinguishable
functions in providing propulsion, aerodynamic lift and
steering, potentially allowing integration of aerodynamic
lift with other functions.

4.3.3. System abstraction – feature selection
and translation

System Abstraction (see Figure 2(c)) and its constituent
parts of select features and translate features refer to the
process of translating a design into engineering terms, with
the result being a concept design for the biomimetic sys-
tem. This stage may be seen as selection of some set of fea-
tures to be mimicked followed by the integration of these
features into an engineering design using technologies and
techniques available to the engineer. System abstraction can
therefore be seen as choosing subsets of features of the bi-
ological system and then choosing from the many options
for translation of each subset. A low level of abstraction
might be seen as a design incorporating a high percent-

age of identified biological features for translation, with the
subsequent translations leading to implementation similar
to that of the biological system.

From the input m
p
u , we consider the biological system

in the matched combination and define its functions,
principles, characteristics and methods (see Terminology
section). For a biological system with k functions, l

principles, n characteristics and q methods defined re-
spectively, we can define these as the following sets:
F = {f1, . . . , fx, . . . , fk}, where fx is the xth function
of a biological system; P = {p1, . . . , px, . . . , pl}, where
px is the xth principle of a biological system; C =
{c1, . . . , cx, . . . , cn}, where cx is the xth characteristic of
a biological system; E = {e1, . . . , ex, . . . , eq}, where ex is
the xth method of a biological system. We define the set
S as S = {s1, . . . , sx, . . . , sa}, where sx is the xth combi-
nation of subsets of F, P, C and E and a = 2(k+l+c+q), the
maximum extent of S considering all combinations of all
subsets. Interdependencies between elements of F, P, C and
E as well as expert input should prune the solution space
considerably from this number to a set SP with r elements
such that Sp = {sp

1 , . . . , s
p
x , . . . , s

p
r } ⊂ S, where s

p
x is the

xth potentially satisfying combination of subsets of F, P,
C and E. The output of the stage select features (see Fig-
ure 2(c)) is therefore a particular element s

p
ν ∈ Sp, where

1 � ν � r , a potentially satisfying combination of func-
tions, principles, characteristics and methods. The decision
function ‘satisfying combinations?’ passes the element s

p
ν

to the next stage, if available. If no values of s
p
ν remain,

the ‘no’ path is chosen and the procedure returns to the
stage match problem and solution to choose another ele-
ment m

p
u, if available. A similar approach may be taken

for the stage translate features (see Figure 2(c)), though
sets to be combined to form the output set of potentially
satisfying translated system designs will be approaches and
technologies available to the particular engineering field in-
volved. We define the set T P as T p = {tp1 , . . . , t

p
x , . . . , t

p

b },
where t

p
x is a potentially satisfying combination of subsets

of design approaches and technologies. The output from the
translate features stage is t

p
c ∈ T p, where 1 � c � b (see

Figure 2).
Concerning our illustrative simplified example, let us

assume that flapping motion provides propulsion, aerody-
namic lift is enabled by the shape of the wings and steering
is through both manipulation and orientation of the wings
as a whole . In relation to these principles, a characteristic
could be that the system functions are provided at relatively
low weight though maintaining a strong structure, while
another might be that self-healing materials are a method
used for robustness of the system. Combination of features
in a concept design might consider each individually, while
bearing in mind the synergies between them, for instance
considering the use of deformations of the wing for both
flapping and steering. Implementation of the described pro-
cess is illustrated in Figure 1 in relation to this hypothetical
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flying device. It can be seen that solutions will be highly
dependent to the initial definition of functions, principles,
characteristics and methods such that great care should be
taken in such definitions.

4.3.4. Implementation and test

In the implementation and test stage (see Figure 2(d)), the
particular design output from the previous stage, t

p
c ∈ T p,

is implemented. Decoupled design and implementation in-
tend that particular issues of biomimetics need not to be
considered in this phase. However, it should be noted that
emerging technologies often enable biomimetic design so
that consideration of use of new technologies and tech-
niques should be a key element of a systematic search for
solutions. Failure to implement a satisfying solution from
the design causes the process to return to the translate fea-
tures stage to select another element t

p
c .

4.4. Discussion and elaboration

Taken literally, the process described in Figure 2 will run
until a single satisfying solution is found. Other search sce-
narios incorporating greater solution optimisation might
be simply realised from this basis, for instance includ-
ing assessment of the most promising solutions. As de-
scribed in Section 2, decoupling of design parameters
is seen as being important to a methodical process. As
such, any search structure allowing a methodical search
for solutions would be valid given effective decoupling of
tasks.

Decoupling of the processes involved in this definition
has been performed with a view to potential automation.
However, these stages can rarely be made completely inde-
pendent, with careful consideration of interdependencies of
system features being important to successful designs. The
success of decoupling and the design process in general
will be dependent on careful definition of all basic system
features, which will rely on expert input. With such careful
definitions automation might be feasibly achieved in the
generation of elements of the principle solution sets M, S
and T, ensuring that all possible solutions may be consid-
ered. As described in Section 4.3.3, for instance, additional
initial definition of relationships between system features
might be used to automatically prune solution sets of un-
feasible elements. Evaluation of the value of possible solu-
tions, however, seems again to require expert input, though
approaches might be considered in weighting of potential
solutions, perhaps again through initial definition of feature
relationships. For example, where two technologies can be
defined as being likely to be complementary in the de-
sign of a solution, solution elements containing both might
be given higher value in the first instance. Though clearly
challenging, with robust and comprehensive description of

technologies, it might be envisaged that all potential imple-
mentations of a design concept might be suggested through
automation, as for example the many methods of synthesiz-
ing micro-hair structures illustrated in Sections 5.3.2 and
5.3.3.

The process does not explicitly define a method of inter-
action for the systematic transfer of research from biology
to engineering for the purposes of biomimetics. Four main
options may be defined in this context: (1) fostering in-
teraction between biologists and engineers; (2) engineers
directing the work of biologists towards areas of interest;
(3) biologists directing the work of engineers towards pos-
sible systems that might provide attractive solutions and (4)
search of biological literature by engineers.

The biomimetic matching databases discussed pre-
viously (see Section 4.2) address above-stated issues
(1) and (3). While much biological research is already
useful in the design of biomimetic systems, two-way
communication between the two fields enables the di-
rection of research to areas of particular interest for
biomimetic design, which could lead to enhanced solu-
tions. On the other hand, successful biomimetic systems
have been realised purely through the review of biological
literature.

To give an example of possible progress in the
area of automation of system abstraction, one may con-
sider again strategies devised for biomimetic-matching
databases, where through appropriate functional classifi-
cation, an effective automated tool may be devised to
give indications of possible solutions. An analogous need
may be found in the process of abstracting the biological
system where relevant enabling technologies and analyt-
ical engineering methods must be found and combined.
Through appropriate classification of engineering meth-
ods, tools may be envisaged to give initial indications as
to the range of possibilities available in the abstraction of
biological systems to engineering analogues. The system
abstraction stage of Figure 2 is designed with this in mind,
being a process usually entirely performed using expert
input, which is able to quickly abstract biological con-
cepts to engineering designs. Splitting of this stage into
sequential processes, such as feature selection and feature
translation, could offer a potential route to a systematic
search.

Development of this methodology might make use of
previous work towards systematic biomimetics and analo-
gous approaches. For instance, work relating to TRIZ has
addressed formal description of systems and solutions that
might inform some progress in matching and system ab-
straction stages of this methodology (Figure 2(b) and (c)).
In potential development of automated tools based on this
approach, it has been suggested that reasoning approaches
used in the artificial intelligence community might have
relevance.
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5. Case study: a climbing robot for use in space

5.1. Case study description

As an example of the use of the general methodology de-
scribed in Section 4, this section describes biomimetic de-
sign of several subsystems with the objective of the design
of a climbing robot suitable for operation in space envi-
ronments. Referring to Figure 2(a), this can be considered
as the input to the biomimetic design process, though one
could equally consider a particular subsystem as an input
problem. The examples described in the following sections
demonstrate the design of engineered systems at varying
levels of abstraction in their extraction of principles from
their biological analogues. Work on these example studies
is ongoing (Sameoto et al. 2008; Menon et al. 2008) and
as such, while examples are given for differing iterations
of the main process, many more iterations for the main
objective of a climbing robot for space as well as within
each subsystem are possible and would be desirable for the
design of a satisfying solution. Reference is made to the de-
sign stages illustrated in Figure 2 throughout this section.
These examples may be seen as different iterations of the
methodology and should illustrate how a broad range of
potentially satisfying solutions might be generated through
the use of this methodology.

5.2. Problem description

Current approaches to adhesion for climbing robots mainly
fall into five categories: (1) Negative pressure (Cepolina
et al. 2003; Illingworth and Reinfeld 2001; Tummala et al.
1999); (2) Mechanical grip (Bretl et al. 2004; Haynes and
Rizzi 2006; Joudrier et al. 2005; Kim et al. 2005; Visentin
2005); (3) Magnetic (Grieco et al. 1998); (4) Electrostatic
and (5) Dry adhesive.

Many examples may be found of robots for terrestrial
applications using the first three approaches and have been
discussed in terms of attractiveness for use in space in pre-
vious work (Menon et al. 2007). Broadly speaking, their
weaknesses include requirements relating to power for gen-
eration and maintenance of adhesion, ambient pressure and
climbing surface properties.

Recent research has demonstrated the use of electro-
static force (category-4) for adhesion (Prahlad et al. 2008),
similar to dry adhesion in geckos. This approach has been
found to be effective for climbing robots on various sur-
faces, including dusty surfaces. Furthermore, adhesion may
be modulated and the technique could be implemented in
diverse robotic designs. While not fully assessed for suit-
ability in space, current designs require power to maintain
adhesion. The fifth category, dry adhesion, encompasses
multiple independent research efforts into this biomimetic
technology, one instance of which will form part of the case
study presented in Section 5.3.

Therefore, while currently available adhesion strate-
gies are useful in certain circumstances, weaknesses, which
make them unfeasible or less desirable for many applica-
tions in space, can be identified. As input to the described
methodology, we then give as a case study the engineering
problem of a climbing robot for space applications.

Many examples of climbing systems may be found in
nature, and in particular the phenomenon of dry adhesion
utilised in similar ways by several species, such as the gecko
and spider that use dry adhesion in conjunction with appro-
priate kinematic strategies, is of particular interest to im-
plement robust and highly functional climbing behaviour.
Discussions of gecko and spider adhesion and climbing
strategies may be found in literature (Kesel et al. 2004;
Menon et al. 2007; Gasparetto et al. 2008).

5.3. Adhesion subsystem

5.3.1. Match problem and solution

Referring to Figure 2(b), the match problem and solution
stage should be considered from the input of designing a
climbing robot for space applications. An initial solution set
of biological analogues might include numerous climbing
animals including the gecko and the spider.

As discussed in Section 5.2, current strategies have
weaknesses or are unsuitable for use in many space ap-
plications. It has been shown that the gecko is capable of
exerting high adhesion forces mainly generated through van
der Waals forces (Autumn 2006). Gecko’s feet exhibit the
highest density of surface hairs found so far among animal
species (Arzt et al. 2003). Dry adhesion is based on con-
tact splitting (Peressadko and Gorb 2004), i.e. the division
of the contact area into an enormously increased number
of single-contact points between the micro-hairs and the
substrate, which generates adhesion (Arzt et al. 2003). In
addition, the gecko exhibits rapid robust locomotion on a
variety of surfaces including those with high dust loading
and is predicted even to maintain adhesion in vacuum. For
this iteration the gecko is chosen as a biological analogue to
the specified problem given that the features present in the
biological system as described would be highly attractive
for use in space robotics.

5.3.2. System abstraction – feature selection
and translation

In this case of the select features stage (see Figure 2(c)) we
choose to consider a subset of features involved in the dry
adhesion system of the gecko. Numerous efforts have been
made in the manufacture of materials with high density
of micro-scale hairs, extracting from biology the principle
of contact splitting through the use of micro-hairs as de-
scribed above to produce adhesive force. Approaches have
focused on the use of materials such as various polymers
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(Sitti and Fearing 2003), polymer organorods (Northen and
Turner 2005) and multi-walled carbon nanotubes (Zhao
et al. 2006) in conjunction with fabrication techniques such
as electron-beam lithography (Geim et al. 2003), micro-
/nano-moulding (Glassmaker et al. 2004; Majidi et al. 2004;
Sitti and Fearing 2003) and self-assembly (Aksak et al.
2007). In general, the geometrical properties of the biolog-
ical system are mimicked, while the biological materials
used are not extrapolated to synthetic designs because it
has been found that adhesion properties are primarily de-
pendent on geometry (Autumn et al. 2002) and materials
are chosen for their ability to produce required geometries.
Other studies have identified hair features, such as hardness,
aspect ratio, angle (Aksak et al. 2007) and tip morphology,
(Kim and Sitti 2006) to be important in adhesion and have
attempted to manufacture synthetic analogues.

Considered in the frame of the proposed methodology,
all these pieces of research could be seen as multiple it-
erations at differing level of abstraction of the biomimetic
design of gecko-inspired dry adhesive for a particular engi-
neering problem, in this case adhesion for a climbing space
robot. Iterations at progressively lower levels of abstraction
can be seen where more principles from geometric features
of gecko hairs are extracted and different routes for transla-
tion of these principles may be observed in, for instance, the
choice of different materials or manufacturing processes.

Multi-scale compliance is critical in gecko adhesion in
maximising surface contact area. Geckos incorporate com-
pliance from the nanoscale level in the smallest hairs on
their footpads to millimetre and centimetre scales through
conformity in their feet and bodies (Kim et al. 2007). Multi-
scale conformity is provided in the hair structures them-
selves that incorporate branching structures with elements
of differing scale. In addition, therefore, to the production
of uniform small-scale fibres, it is desirable to manufacture
such multi-scale fibre structures.

A low-level abstraction was considered in this stage (see
Figure 2(c)) by selecting more features of the biological sys-
tem and designing compliance at multiple scales (Sameoto
et al. 2008). Nanoscale features are the most difficult to
replicate using traditional microfabrication technologies.
In some of the aforementioned research into the fabrica-
tion of dry adhesives, manufacture has been addressed with
moulding (Geim et al. 2003; Gorb et al. 2007; Kim and Sitti
2006) or dry etching (Geim et al. 2003), but as the minimum
feature sizes shrink, standard lithography is no longer ca-
pable of defining structures. Early attempts at nanocasting
polymers were unsuccessful as separating the fibres from
their moulds required dissolving the mould, which resulted
in clumped and ineffective fibres (Campolo et al. 2003;
Sitti and Fearing 2003). More recently, the nanostructuring
of polymers has been demonstrated using dry fabrication
techniques, either integrated with silicon microstructures
(Northern and Turner 2005) or demonstrated independently
of any microscale features (Chen et al. 2007; Nabesawa

et al. 2007). In earlier work, a O2 or O2/CF4 reactive ion
etch (RIE) was used which the authors claimed produced
nanorods due to an electric field gradient across a photore-
sist layer left behind on glass features. Other researchers
have reported similar structures in poly(methyl methacry-
late) PMMA (Nabesawa et al. 2007) or polydimethylsilox-
ane (PDMS) (Chen et al. 2007) layers using an O2/CF4 RIE,
but have attributed their formation to micromask generation
during the etching process. Micro-masking is a well-known
problem in silicon reactive ion etching and occurs when
masking materials are sputtered and redeposited, which re-
sults in uneven etching and rough surfaces. This micro-
masking can occur for a number of contaminants, but gold
has been identified as the material most likely to produce
this effect (Jansen et al. 1996).

Previous demonstrations of micromasking for the pro-
duction of nanoscale polymer features have used either glass
(Chen et al. 2007) or aluminium (Nabesawa et al. 2007) as
the micromask-generating material. For this attempt, mask
material was planned to be located above the material to
be etched. Relatively thick polymer columns defined on
top of a micromask-generating material were proposed to
mimic larger hair structures. Using micromasking to create
nanoscale structures on these columns was then proposed
to mimic branching-compliant hairs at this smaller scale.

5.3.3. Implementation and test

5.3.3.1. Micro-structures. Microscale posts are formed by
casting a two-part elastomer in a mould fabricated us-
ing high-aspect ratio lithography of a thick photoresist
layer. Using low-modulus elastomers, like silicones or
polyurethanes, greatly reduces the complexity of the struc-
tures required to achieve a sticky adhesive. Due to the large
size of the adhesive areas required to be effective for a
climbing robot, efforts are focussed on achieving maxi-
mum yield and long-term reliability. Future work for space
applications will use harder materials with smaller features,
once the necessary processing knowledge is worked out. In
the meantime, early designs are produced primarily using
a common silicone available from Dow Corning (Sylgard
184), which has relatively well-known material properties
and is easy to work with. Its very low surface energy offers
the potential of easy cleaning, but at the expense of max-
imum expected adhesion from van der Waals forces. Ex-
isting designs for microposts include the commonly used
circular cross-section designs (Figure 3(a)), for general pur-
pose adhesion, as well as novel micro-treads (Figure 3(b)),
which are designed to provide good frictional adhesion in
specific orientations, but minimal adhesion when loaded
in peel. The micro-tread is designed to accelerate the rate
at which collapsed posts become unstuck, which should
eliminate some of the adhesion loss with time. Adding
a mushroom-shaped tip to these adhesive microposts will
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Figure 3. Microstructures fabricated in Sylgard 184 designed for
use with climbing robots. (a) circular cross-section posts designed
for general adhesion, (b) a novel micro-tread design to be used for
track robots.

increase the contact area and should dramatically improve
the adhesive properties of these designs.

5.3.3.2. Nano-structures. For harder materials, the as-
pect ratio of posts must be much higher and the mini-
mum feature size much smaller to achieve similar adhe-
sive forces. This greatly complicates fabrication, as casting
techniques are no longer appropriate. A relatively stiff poly-
mer can have its surface altered in a way that mimics the
finest features of a gecko’s toe hairs through a naturally
occurring process during reactive ion etching. The polymer
chosen was the epoxy-based, negative-tone photoresist SU-
8 (Lorenz et al. 1997). This commonly used micro-electro-
mechanical system (MEMS) polymer is directly photopat-
ternable using near ultraviolet light, and is mechanically,
chemically and thermally stable after crosslinking (Lorenz
et al. 1997).

The etching of SU-8 was completed with a combination
of O2 and CF4 gases at different times and pressures. Lower
pressures have been identified as beneficial for achieving
high-aspect ratio grass structures (Nabesawa et al. 2007),
while the effect of gas ratio on the development of SU-
8 grass morphology has not been reported previously. The

Figure 4. SEM images of SU-8 posts (a) etched on a gold-coated substrate, (b) etched with all sources of micromasking removed. SU-8
adhesion to gold is relatively poor, and some posts separate from the substrate (a).

minimum etching pressure possible with the RIE equipment
used was 60 mTorr.

Oxygen will etch nearly any polymer, while CF4 has
been identified as a gas that can partially passivate polymer
sidewalls (Nabesawa et al. 2007) and help enhance grass
formation. Earlier reports of nanohair formation also used
relatively long etching times (Chen et al. 2007; Nabesawa
et al. 2007), but the effectiveness of gold as a micromasking
material means that grass evolution can occur much faster.

After etching, samples were observed using a scanning
electron microscope. The hairs were characterised by aver-
age size, area percentage and height for each of the etching
conditions. National instruments vision builder for auto-
mated inspection was used to collect these values from the
SEM images. Examination of SU-8 etched without the pres-
ence of gold revealed that hair formation only occurred if a
micromasking material was present (Figure 4).

5.4. Climbing, steering and transiting through
different gradients

To provide contrasting examples, this section and Section
5.5 present brief examples of the biomimetic design of
climbing systems that may take advantage of synthetic dry
adhesives in our overall objective of designing a climbing
robot suitable for operate space environments (see Section
5.1).

Let us hypothesise that all subsequent options from the
element s

p
ν ∈ Sp chosen in Section 5.3.2 have been ex-

hausted, remembering that only those features relating di-
rectly to dry adhesion of gecko were selected. Let us also
hypothesise that a satisfying synthetic dry adhesion was
eventually manufactured. In the last stage of the procedure
presented in Figure 2(d), the stage ‘satisfying solution?’
yields a negative result as the overall objective of designing
a climbing robot is not achieved, although new bio-inspired
adhesives were developed. The backward loop leads again
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Figure 5. Idealised adhesion and detachment strategy of a gecko foot.

to the stage select features. In this new iteration, another
choice of s

p
ν ∈ Sp is performed while the element m

p
u re-

mains the same – the gecko’s features will again be consid-
ered as source of inspiration to fulfil the main engineering
objective.

5.4.1. System abstraction – feature selection
and translation

An idealised view of gecko foot motion is shown in Fig-
ure 5. Adhesion between footpad hairs and the surface is
achieved as the footpads are preloaded against the surface,
allowing the hairs to conform to the surface and max-
imise contact area. Subsequently, a twisting motion of the
foot from the tip is used in the peeling phase to free the
adhesive from the surface, where the pad gets separated
from the surface at a critical angle of about 30◦, requir-
ing minimal force. Features relating to this behaviour are
selected for this iteration (see Figure 2(c)). Taking the prin-
ciples from nature of adhesion through the preloading of
a pressure sensitive adhesive (PSA) and detachment with
minimal force through a peeling motion, a high level of
abstraction was used to develop an engineering system.
A track vehicle was implemented as its design intrinsi-
cally allows preloading and peeling though revolution of its
tracks.

5.4.2. Implementation and test

With regards to the implementation and test stage (see
Figure 2(d)), the system presented in Figure 6 was devel-
oped from the preceding design. The prototype has a mod-
ular structure, each module consists of six wheels, two DC
motors with gearboxes, four potentiometers and two belts
(tracks) to which commercial adhesives can be fixed. The
chassis was built by using rapid-prototyping manufactur-
ing to take advantage of solid freedom fabrication. Belts
are kept in tension by using a spring-loaded piston, which
constantly preloads the front wheels. The plane defined by
the centres of the four front wheels is inclined at about 45◦

to the flat surface – this allows easy transit between surfaces

at different angles. Transition between surfaces is also fa-
cilitated by the modular design – modules are connected by
a spring-damping system that transmits forces among the
modules.

The miniaturised track vehicle is inherently suited to
preloading and peeling adhesives as the belts continually
keep contact with the surface and are peeled off during
their revolution – a proper selection of the radius of the
rear wheel allows tuning of the peeling force. The modular
design of the system also allows overcoming simple obsta-
cles without losing traction. However, this system presents
some drawbacks, which prevent its use in unstructured sce-
narios. Steering is achieved by controlling the two belts of
a module with two different velocities; sliding between belt
and surface therefore occurs while turning. Although steer-
ing during climbing is still feasible, sharp corners should
be avoided to prevent falling. Another intrinsic issue of this
track vehicle concerns vibration damping on uneven ter-
rains; the front wheels hit obstacles with uncontrolled tra-
jectories and belts continuously impact surface asperities.

Figure 6. Modular miniaturised track vehicle (this system was
developed in Menrva group at Simon Fraser University by C.
Gittens, D. Goundar, D. Law and J. Minor, under the supervision
of Prof. C. Menon).
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Therefore, although the system outperforms most of the
climbing mechanisms on flat surfaces, it is not ideal for un-
even terrains as vibrations, which are one of the main causes
of adhesion detachment in climbing robots, are generated
and not well-suppressed.

5.5. Highly mobile gait

5.5.1. Match problem and solution

Let us hypothesise that during the iteration, options for
the gecko match m

p
u (see Figure 2(c)) are exhausted so

that the process described in Figure 2 returns to the match
problem to solution stage to choose another matching ele-
ment m

p
u , in this case the spider. Also using dry adhesives,

the spider is able to exhibit highly agile movement with
eight legs each with up to 10◦ of freedom. Relatively, even
angular distribution of the legs around a central prosoma
helps enable robust and agile surface gradient transition
to be relatively direction independent (Quian, Zhang, and
Ma 2007).

5.5.2. System abstraction – feature selection
and translation

For this select features stage (see Figure 2(c)), we, for this
iteration, choose to take into account the spider features of
multiple legs with roughly even angular distribution around
a central body as well as multi-joint legs with multiple de-
grees of freedom (DOF). In the translation of these princi-
ples to an engineering design, fewer legs, leg joints and DOF
are chosen for design practicality and potential for minia-
turisation, leading to a comparatively intermediate level of
abstraction in relation to the previous examples. In fact, a
six-legged robot with six DOFs per leg was designed and
implemented, with 18 miniaturised revolute motors for ac-
tuation. Symmetric angular distribution of the legs around
the centre of the robot enables direction-independent sur-
face gradient transition. Gait design was based on the team’s
observations of spider foot detachment, where a simple leg
extension is used for detachment.

The gecko’s attachment and detachment strategy is
again considered for the problem of foot design, as in the
previous section considering preloading and peeling phases.
The engineering problem can be considered to include in-
tegration into the spider-based design described above and,
in particular, use of the spider’s leg-extension detachment
strategy. Compliant feet were envisaged, with three passive
and compliant DOFs. Again this can be considered to be a
translation at intermediate level of abstraction, reducing the
both active and passive compliance of gecko feet to simply
passive compliance in the robotic system. Attachment of
the leg to one end of the foot allows a pulling component of
force during the outward arc of leg movement to detach the
foot with a peeling behaviour, while appropriate stiffness of

Figure 7. The Abigaille-I prototype.

the foot material allows preloading of the unattached end of
the foot during the attachment phase. The compliant foot in
conjunction with attached synthetic micro- and nano-fibre
dry adhesives as described in Section 5.3 enables passive
multi-scale compliance from the foot scale to that of the
smallest fibres.

5.5.3. Implementation and test

For the compliant feet, a mix of PDMS and a cross-linking
agent was used, utilising moulds produced by a rapid proto-
typing 3-D printer and undergoing degassing under vacuum
and baking. It is possible for stickier PDMS or synthetic dry
adhesives to be bonded to the bottom of the feet. These were
integrated into the robotic implementation of the first iter-
ation named Abigaille-I (Menon et al. 2008), as shown in
Figure 7.

Analysis of the robot leg kinematics was performed,
particularly important in relation to the identification of
suitable foot trajectories in enabling suitable foot attach-
ment and detachment. For this purpose, direct kinematics
gave the position of the leg-end effectors as a function of leg
joint variables and inverse kinematics gave the joint vari-
ables as a function from the position of the end-effectors.
Using these results, kinematics of the robot as a whole
were calculated considering a ‘crab gait’. These kinematic
models were verified through multi-body simulations using
commercial software.

To investigate optimal leg angle for this system, a simple
robot with three symmetrically distributed legs (tripod) was
constructed with each leg controlled by one servo-motor,
with varying angle α between the leg and surface. PDMS
feet were used. With a mass of 97 g, this tripod was placed
gently on a smooth horizontal surface. A force normal to
the surface was then used to detach the robot for varying
values of the angle α. Optimal leg angles were found to
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be between 35◦ and 45◦, requiring a force of 0.195 N for
detachment, almost double the weight of the robot.

6. Conclusions and future work

The usefulness of biomimetic design as applied to robotics
has been discussed, particularly with respect to space ap-
plications. With reference to the compelling attributes dis-
played by many biological systems in performing useful
tasks and the potential transfer of these attributes to robotics
through biomimetic design, it has been proposed that this
maturing discipline would benefit from accepted method-
ical practices in its application. A systematic, generalised
methodology has been proposed, along with suggestions for
its useful development. Examples of ongoing biomimetic
research for a robotic system for use in space have been
presented with reference to the proposed methodology,
illustrating the potential implementation of a systematic
search for biomimetic solutions to engineering problems.
The biomimetic systems presented in the paper provide
a snapshot of ongoing work and will require many more
biomimetic design iterations to produce satisfying solu-
tions for our objectives. In the frame of synthetic dry adhe-
sives, current implementations are not (as their biological
analogues are) durable, self-healing or self-cleaning, issues
that would need to be addressed for feasible use in most
robotic applications. The latter two cases represent possi-
ble avenues for systems able to take advantage of synthetic
dry adhesives, though many such systems could be envis-
aged or are the subjects of ongoing research. Such proto-
type biomimetic designs can be considered as individual
iterations in systematic searches for biomimetic design so-
lutions.
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