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Abstract example from textile engineering is the design edrinally

self-regulating clothing based on the design ofepomes

Biologically-inspired design uses analogous biatagisystems  (Vincent & Mann 2002). By definition, biologicallinspired
to develop novel solutions for human needs. In fiaper we  design is based on cross-domain analogies. We ctinse
describe anin situ cognitive study of biologically inspired particular domain for study because of our inter@st

engineering design. We found that biologically imeg ,\4erstanding the role, process and content ofogiea in
engineering design often involves compound anatogievhich creativity

a new design concept is generated by composingethéts of
multiple cross-domain analogies. This process ahpaund
analogy relies on an opportunistic interaction lesmw two .
procegges: problem degg)mposition and analogicaisfea 2. CognltlveStudy
Based on this cognitive study, we also preseniiormation- o, o,dy was conducted in the context of an ifieplinary
processing account of compound analogies. . . . . . .
course on biologically inspired design offered bgo®jia
Tech’s Center for Biologically Inspired Design imetfall of
2006. At least 32 of the 45 students in the cless already
taken a course in design and/or participated ingdgsrojects
1. Introduction as part of t_heir undergraduate ed_ucation. In th_ﬁa oé this
paper, we will refer to the students in the clasd@signers.
One of the conundrums in research on creativittha The instructors of the interdisciplinary course diaiu
any solution to any problem has to start from wbia¢  biologically inspired design using a problem-baseaning
already knows: so, how is it possible to createehov approach. Design projects grouped an interdis@pjirteam
solutions? One way of trying to answer this quesi®to  of 4-5 students together, where each team had tukerd
conductin situ (or in vivo) cognitive studies of creativity from biology and the rest were from different ermgiring
in naturalistic settings (e.g., Darden & Cook 1994;disciplines. Each team was responsible for ideintifya
Dunbar 1995; Kurz-Milcke, Nersessian & Newstetterproblem that could be addressed by a biologicalpired
2004; Christensen & Schunn 2008). Kurz-Milcke, solution, exploring solution alternatives, and depeng a
Nersessian & Newstetter (2004), for example, dbecain  final solution design based on biological desighutons. As
in situ cognitive study of scientific research laboraterie observers, we attended the classroom sessionsgciamll
in bio-medical engineering. We have conductednesitu ~ course materials, documented lecture content, drseroeed
cognitive study of biologically inspired designdain this  teacher-student and student-student interactions tha
paper we describe one of the (many) findings fréwa t classroom. We had no influence on the course design
study. pedagogical approach. We also didsitu observations of a
Biologically inspired design is a growing movementfew of the teams engaged in their design projeitte
in design, driven in part by the need for environtaly = minimized our intervention, only occasionally askin
sustainable development (e.g., Benyus 1997). Agthou clarifying questions.
applications of biologically inspired design canfoend Our observations focused on the cognitive practarsd
in many design domains such as engineering, aothite  products of the designers. We observed and doceahehe
and computing, our focus is on biologically inspire frequently occurring problem-solving and represtoitl
engineering design (and in the rest of this papenwil activities of designers as part of the design ec&ome of
use the term biologically inspired design to refer these activities were part of the design procesgsicty
biologically inspired engineering design only). &cent taught by the instructors. Others emerged durirsgtre. In
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terms of the

design products,

documented the natural evolution of the conceptuastudy.
design over time. We also attended the final oral
presentations of the design teams to the class,eautithe

design briefs the teams submitted with their prigjec

Table 1. Design projects from the cognitive study.

we observed an®/attam, Helms & Goel (2007) provide details of tugnitive

Project Name Design Solution Type Sour ce of I nspiration

Abalone Bullet-proof vest using strength, toughness anfid sel | Non-compound | Abalone Shell

Armor healing qualities of composites.

Traffic Control | Congestion reducing traffic regudst system. Non-compound  Ants

Shell Phone Scratch-, Shock-, and Shatter resisdinbhone case.l Non-compound  Abalone Shell

BioFilter Portable, stand-alone air-filtration sst. Compound Diatoms, Spider Silk

BriteView Monitor screens that remain visible inostg sunlight. Compound Hummingbirds, Butterflies

Eye in the Sea| Underwater, stealth micro-robot Gmomg Squid, Copepod

InvisiBoard Surfboard that does not produce a sttt when seen Compound Pony Fish, Brittle Star
from below to prevent shark attacks

iFabric A thermally responsive adaptive fabric ¢tathing, Compound Bee Hive, Artic Wolves
providing thermo regulation for the wearer.

RoboHawk Aerial bomb detection device Compound Skkagog

were compositions of multiple partial solutions, exa each
) ) o _partial solution was based on a different analdgyarticular,
Table 1 gives a high-level description of the desig a5 indicated in Table 1, we found that six of tireer(or 66%)

projects in the interdisciplinary course on biok@ly  of the biologically inspired designs in our cogveti study
inspired design. Again, additional details abouthea \yere based on compound analogies.

project are available in Vattam, Helms & Goel (2007
One of the major finding of our cognitive study

is that a majority of the biologically inspired igss were

based on compound analogies: the final designisakit

3. Compound Analogical Design

4. Interplay between Problem Solving and
Analogical Reasoning

An examination of our documentation of the desigocpss
Problem ; : , .

used in the projects involving compound analoglesaned a
Space complex interplay between the processes of problem

decomposition and analogical transfer. Of courdwt ta
design team decomposed a large, complex desighepndhto
smaller, simpler problems is unsurprising. Howeedeeper
examination of the interplay between problem deausitjpn
and analogical transfer revealed the opportunjstacess of
compound analogies.

Figure 1 illustrates our interpretation of the desrs’
problem solving in generating their design solutionin the
simplest case of compound analogical design, thegder,
once presented with a problem, decomposes the grmoisito
sub-problems to create a problem hierarchy. Assgittiat the
problem is decomposed along functional lines (a#tve
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decompositions are possible) each node in thisafdhy is a
function to be achieved. Each function is used azie to
retrieve known solutions that achieve that functiSolutions

QO function & sub-function
U solution for achieving function
|:| analogous problem

aggregation link
- - P retrieval & adaptation link

are transferred to the current problem, and agtedg#o
generate the overall solution. For illustrative gnges, we
make the simplifying assumption that solution aggt®n
does not produce new sub-problems, although theréy the

Figure 1. A simple case of compound solution
generation: 1) presentation of the problem, 2)
elaboration of the problem space, 3) retrieval of
the analogue, and 4) application of the analogous
solution. Repeat for each leaf in the problem
decomposition (not shown).
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Figure 2. Iterative analogical generation of a feob
space: 1) presentation of the problem and retriefal
the analogue, including the solution decompositin,
elaboration of problem space, and retrieval of & ne
analogue, 3) continued elaboration of problem space

case. Note, in this case, the problem decomposison
known when the problem is presented.

In other cases, where it is not obvious to thegiesi
how to decompose a problem, the designer can séarch
an analogous solution based on the high-level probl
itself. This retrieved analogical source providasthba
potential solution and, through a more explicit
understanding of the workings of that solution ¢gaugon
decomposition), insight into the further decomgonsitof
the problem. This solution decomposition in therseu

design can be brought into the current problem eszec
shown in Fig. 2.
Each new node from the source solution

decomposition that is integrated into the problgrace
can act as an additional cue for retrieving ano#iegrof
solution analogues. This process can continuetiveia
leading to the incremental development of the mobl
space. At every stage of this iterative procesg th
designer can evaluate the partial solutions availaind
decide to take further actions.

5.1. Eyein the Sea

The goal of this project was to design a small uwdéer
robot with locomotion modality that would ensureadth. The
initial research for the underwater robot focused the
copepod (a small crustacean, 1-2 mm in length)sasiece for
understanding stealthy locomotion. In exploringstboncept,
designers became aware that the copepod used stiactli
rhythms of appendage movement for achieving motion
underwater. A slow and stealthy rhythm was used nwhe
foraging for food and a quick but non-stealthy Hmtwas
used when escaping from predators. This understgnigid
the designers to decompose their original problata two
separate functions, one for slow movement, andfoneapid
movement, both of which required stealtfThis new problem
decomposition was based solely on the understanding gleaned
from the copepod analogy. The knowledge of the slow,
stealthy mechanism used by the copepod, known as a
“metachronal beating pattern” was also transfeffredh the
copepod source.

Next, the designers had to address the second sub-
function: fast, stealthy motion. They identified ugt)
locomotion as an inspiration for achieving this dtion. The
squid mechanism, jet propulsion, is both muekter and
stealthy, matching its wake with external disturbances that
naturally occur in the surrounding water. Notice ttealth
achieved here (wake matching) is different from #bealth
achieved by the copepod (wake minimizing).

Fig. 3 develops a model of the generation of thist&on

Analogues

-------- Move underwater

1

movement

“Stealthy underwater _ -

Move-stow, Move fast
minimize (non-

The iterative feedback between these two processes

accounts for the both incremental evolution of gesi
problems, as well as for our observed compoundgdesi

solutions. Specific examples of compound analogical

design are presented in the next section.

5. lllustrative Examples

In this section we will apply the conceptual franoekvof
compound analogical design developed in the previous
section to analyze two of the compound designsrubde
in our study.

—————— wake stealthy)
(stealthy)
Move slow, Move fast -
2 minimize  stealthily _---"" metachronal beating
Pt Copepod
] Move underwater
~ Stealthy underwater
ovement Move fast,
3 -4 match wake
Move fast, By
Move slow, match wake _+ ---~ - ]
U minimize Ue--"" jet propulsion
jet propulsion Squid

Figure 3. Design Tractory of the Eye in tl Sea



Problem

space Analogues
1 Frevent s_ilho_utzttle ---- F_’Ofly_ - Prevent silhouette
fish
using the framework of the compound analogical gtesi Prevent silhouette Produce
Step 1 depicts the nature of the problem spacy #athe __-- -7 Aeounertiuminaton
design. The main function is to move underwater T ,
stealthily, and the copepod is identified as a timhu 2 --0T Produce I | \chamnel& disperse
analogue. In Step 2based on knowledge from the o e mination I ;',’.\; il X/
copepod analogy, the function of moving underwater is JEPTPE U
decomposed into sub-functions. The solution to the < :’C;anne,& Eii{:teria»based Reﬂegon
function of moving slowly by minimizing wake is gutad e d'fig‘;’fe luminescence
from the copepod to generate a partial solutiort tBa Produce light ~ ~~« _
function of moving fast, yet stealthily remains eswlved
in Step 2. In step 3, the squid analogue is neddeto Harness
address this function. Its solution of using jebgrision [AQ ambient
for movement is transferred to the current problem P $ tant
generate the remaining solution. These two partial N
solutions are aggregated to achieve the trial desig 3 Prevent S"“°“ei‘9' b Proto-reception using -
L L a spread of lenses Brittle
52 | nViS'Board Produce c,w/nter-illgmi’naticn star
The goal of this project was to conceptualize dbsard Produce light \ = ,*
that minimized its silhouette to prevent “hit-amtwshark Hamess hannﬁ'i&; disperse
attacks. Designers chose the pony fish, which yres o 0

counter-illumination by producing light that is eatly Disperse light to match
proportional to the amount of ambient light, asirthe $ wavy pattemn
source of inspiration. Using this analogy, the fiorc of U’II ChanneNN ce saern liht
silhouette camouflage required the sub-function of o difusers
producing a glow on the ventral side of the surfda@ using a spread of U yse fiber optic

match the ambient light. Based on a more detailed lenses e

understanding of the mechanism employed by the pony
fish, function of producing ventral glow was decarsed

in the sub-functions: produce light, channel amspdise . .
light. P 9 rep this work. However, there also has been considenablk on

cross-domain analogies in design (e.g., Goel 1929¢l &
Bhatta 2004; Qian & Gero 1996).
In a different context, viz., software design, Simgt al.

Figure 4. Design trajectory for the InvisiBoard.

In order to produce light, a light source and a @ow
source onboard the surfboard was considered arnianfe

solution. The search for alternate means of produci X , i
light led them to an organism called a brittle g&ukind (2001) have described Déja Vu, a system that usearbhical

of a star fish). The dorsal side of the brittler stacovered ~c@S€-based reasoning for generating design satutidheir
with thousands of microscopic lenses. This suggkest model of deS|g_n does CO”_‘b'”e problem decompostind
design in which the top of the surfboard would beered ana_\log_y. One important dn‘feren_ce between our qud
with (suitably distributed) lenses to collect thenkght theirs is that, ours easily _e_xplalns _cros,s_-\domalalogles,
incident upon the surfboard. Dispersion of thehtlig whereas th_ey d_o not. Addltlon_ally,_ln Deja Vu tpmbler_n
would occur via optic fibers. Additional design e decomposition is already compiled into the casd®reas in

include adding a layer of “pattern light diffusersi the our ”?Ode" the. problem decompos_ition s _generated
bottom of the surfboard, which disrupts the pattefn dynamically and incrementally, and is interleavedhwthe

light from the optical fibers to mimic the wavy pan of process of analogy. » . . ..
the ocean surface. Fig. 4 demonstrates the gemerafi There are few cognitive accounts of biologicallgpired
this solution using the framework of the compounddeSign available in the literature. The availabled®s focus

analogical design. mostly on the effect of external representationshennumber
and quality of generated designs. For example,elying/ood
& Markman (2008) have found that when compared with
6. Related Research using only diagrammatic representations of biolalyic
Of course, neither problem decomposition nor the efs Systems, combining diagrams with functional desions
analogies in design is new. Brown & Chandrasekaramcreases the chances of successful analogies.arSa&k
(1986) provide an early account of problem Chakrabarti (2008) have found that the use of eslevisual
decomposition in design. Much of the work on use ofrepresentations such as diagrams, animations addowi
analogy in design has focused on case-based d@sin increases the number of design ideas generateidloglzally
Zhao & Maher 1988; Wills & Kolodner 1994; Smyth et. inspired design. In contrast, our work provides @ren
al., 2001). Goel & Craw (2005) provide a recenieavof  descriptive account of the process of biologicatgpired



design, with a focus on the use of compound anesogi Since the submission of the first version of théper to
Recently there have been a few attempts to buildhe Cognitive Science conference, we have had lthaae to
computational tools for supporting biologically jmied  analyze the results of a second cognitive studycereucted
design. Chakrabarti et al’s (2005) Sapphire toolin fall 2007. The second study used the same cdassr
represents the structure, behaviors and functiohs daboratory and the same observation methodologhedirst
biological and engineering systems in a uniformstudy in fall 2006. The second study confirms thiatogically
representational scheme. It retrieves biologicald an inspired design often involves compound analogiesut half
engineering designs based on matches betweendnatti of the designs created by the design teams weredbas
abstractions of the systems and functional abstrsst compound analogies. More importantly, the concdptua
used in a problem description. Chiu and Shu (28 framework for compound analogies described aboyeas
latent semantic indexing to find a match betweento cover the compound analogies found in the newysas
functional abstractions. Insofar as we know, nohthese  well.
efforts have been extended to address the issue of

compound analogies in biologically inspired design. Acknowledgements
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