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students generate novelideas: A-case-study-on-biologically-
inspired design

Abstr et
b brasuny belegeally wipsnd dougn (BN e sugyiag process Sam R i -

fadese This saady P — Sedadan deninn

iy ead EQUWeTe mm Tadeuts ety A dem prmrwed w BD by vew atewral Aegn
ATt vess din aded wie Soo gron W bes D ssridps b sl vetiboy O drugy presins w e
Apveeaed @ N aad Gore-Ssced i ehde 09 deaidi ®1 SR @ COWTYY sl MUY amman
L2 prag Vel wEne b0 (TII0E sew Wnag OO wf Tae BEew bR IVROVIOTIAMET: (ISR T Mibe O (e
Sad Swgn p - o et g - s wekidep sl campieted o8 of e
Srauglut e salidopn Brnd: doeo! G WA don gracwsd cusg S ruie dauad Srugs Eodies eab
D BT GRQUEROG (BN anel e e Dascd Sevgn peattiemy wik Sar Shent MepEItod (UA ) td Bigher
Benm WY AWy R ST gty Gm wady pep » Sl wwck precews Mo deipag by
R T STIEY s e b Rl sy o i lgs FTFE & bl e -

R oerds buriugs 30 wipomd divign comaptael dengn Eave o e Ings RS T s i

Introduction

g af e At Saretiad Lo Mguatag s ety ad w6 g prodiees «\utacade (981,
I ey pwoe v sEmSA T 10y Erew D A Pe s e CLIRIG AT MEE ¢ werIt s | D S WIS D (0D Ty IV
Lhrwed iy Beppend STTE G sl N G GO © seha W prEmTEY v ST CIRbag o Y wdfen b G
weper rOentocr sl Muckonss 19971 Siecr malegesd rraomng con Mt G suppung of alassutos S
Walogy W G welinstogy (Fayeme o ol 2007 She 040 # u nmenly weed @ bedogu aly mepend devgn
VR, aned Smment). o smer gouazally dar fehl of derge by cubagy (IBA) & rabacs dunagn cozatin &y
Fuerad 2013 Foetal 2004 Gemer 1585 Gentusr st Shakones 1997, Listry ot ol 20020\ Acnndiog o the

Semader detfiomes of DRA by (Chmeng o ol 22111 S & ¢ peclc - e

Memrywe (997 Fosmch 1) s parnander. for e S -l ks ot ol 20098 These,
BID e tarmn w bty eyt 1o drrags T ® Cawd by o Abmcs
Kmtesue ot of 2004 Taso et ol 2000 Law et ol D500 Seunulls sud Cangedls 200 1) For enample jusbdes.
Armves HELD pon rrees Ser SegIvmmd > (e gTIY WD 1ORSC2PS Fayems A

A& Dersan, 004 Lommor sl 2000

¥ ow btz pury Sommmsasm = of BD) wo 1bomshid soaten dhammd @ Bt O 2 weatr v ther driaga taaton oy ud whaboats
- L - - [ s e e
omaml mm wewen | seramie dewnt S e s of vemad wamsh of Aot re tmrs e oy

S poienae of S louges gracvvield saley vessess typey of Sougs peebicss St e Scmy wiked
(Gchtu el st Saolior 2900, Pest sclesed werks sepeed O e stemnctn of G ssalapcsl suxe e
PEUTVE P Se e cesrve fandieg +f siakae T00E Chresensen wnd bz 07 Lamary o wi TR0R
T st MiSar 204 )1 Eaguzale wherm wiong bdegal ph sl 3 w3 O \Babwet | W eWy
5 Qe ey DrowTed w sDecHd by e vl ot Lensy o ol 200 %)

e SMbmon © e B Ta T Tl G Laew edge reprretarens AR o Gu g ronie o et
Lo ar S 4B 14 g pasts R S L wf s prebben 4 ives BID pracow.
B Ml sars Laowlnlge wirvas © S ju - Bar g p Dams sl G sSmwvy

e o il s ble. Ouzusm | 1997) memed B mporsace of nowinigr

Sysocslitus @ pratdcn Danayg o UTattr draga we lufiag S s leuiatan Do S wapda 2 bases Sl
o e crnables LS aad (hunge sl G Qeebrmaties Soe Lo ndge s
PIST NIl VA BT 00 TLM Y 01 Mafile (e W BRI VD of WSO Derne rerrr ainiteme A ¢
L Hamag n ra a Ay S o Ay O, e L ¢ o o Cugery
o ety o ez e Sama mal the &2mT fom Samay e -
$Ca0ee 2904 Doexe 291 13

AN HEY Be O TIIMONEd UaTEY of e AT [EAMEL el 12w Die beer wed Oy b e
cortun SegEes e el Vet g ding i swmre s w550 of Gess ves G m I gewcrnien
s I peramt dady @ragts O g bon B B KR of dougs pecbion sl
ST MRE 2N Mleun) B TP of airee gratimnd @ S grodirs Sreen B peacw

Related wark

Problem 40vem basbegsc sy imvparvd devigm pros rvees
BID Sogerady mymsrs potiss Sics svthall = eiel Or Uodew whsacs G petbom = 3 sl

g - 2 L Lo
a0 gt e e astvmal protiem @ves BED pem vt Sueely S Dre (g g mebel
d by B e . L 0y (IO 29155 e o sbey g pnd

cmabbobed by @y Deommary loense (Dvlds snd SSmaectr N4 G Geerpe Lot ssoded (Melms o ol
2000, e Parr Tonh ool oF ayemm o0 wl 201 40 s O Snagans el wsisbioded by B Terhmucnl Uapvenay
of Doamad (lonee ot ol 2 Al Gcw B possan beve A0oet acpe. B0y Bt O e

Busewnk Tux @ geohleny tor Srfined sl O g - -
Nenr, e e o sedocyd &) aaslegu sl wemmer §a9 e sDetmacned
s ol pehe e dogrn = - seETow § o

A edition INGMT BT Coam EneTd wis Srugs whoss
Extrnfiag few prevess wol Fayess of o 20040 Foyemu ot ol (01T anlied terive Sflcrent punbdeny
ez THD modh st G P Tok sedel by for wateted madel o BED proves o Sveled e e 4oy
Poees Arapred 41 ) Abu s oyvie The fow phase 1 mag | —4) focwen wa v
Ny bl o doder wihir Oc wrant phawe (top 541 @ St ot  TIEW practse

D Sadogy W wiloskegy £k PO 1IN o & bewwr stritemctns v el Gt 3 egher e tem el et

Fonlly snile o Jorwer abteaction devel  That tmplien w0 wppropristely  tramfoom the istsmdon
et iffvartion cyele |8 enicial Do generating cromtive iless o LD g At the 4 B
processes, @ Prn Tech misded provades the (oot detailed sheps for describing tvomisicsy desips and (s thin ooe
o e s comnypwed " propesed v larified sy of the al L il
shontrwction i Se Panie Tock iodel. thetr findings ensbied: the clatefication of stetrction s devign: peoen,
Theretors, Dhia aniady adopied B Paris Treh model (o the RID proces.

L odetitinnts 0 thee gt process. (e alvarsctnn of e design material tsed i seaching (e g . (he goovided
Noowdodgr relevml W e prom design fuoblem aml Se boaologeal ph el » 1)
stidents coeanvity Theeefore, Qs sty foxused the Paets Tech mndel 40 discws the sufemice uf the abstracting:

o4 s .
il of "

" d Py v

paia
dgetop ol besign p

oo fired and sigralicnn) wep for peoblett solving o definmg the probletm, which tv selsted 10 B sindests
Kivowbodge (O ot al 1981 Becker and Megtoer 20150 Kaowledye-uved o design dumain van-be jeetemed in
forsen ot difforent bevele of shuettnction (Mersal 967 Schtn 19511 Bide. and come-based knowledge see two
ot typees of iow ledon e 4 desipe eduoation (Brersal 1967, Dutaom etal 1997, Jomasaen and Hetnaades.
Serrman 2002 Kododnor 1907 3002 Schiv (VR 1UKT) Nale-bmed remsanmty: sgdrys whetonet: vabehased
wwiadge (e g. Yent 0 Tt dwe the 1l My b it | ol Benctiom
prmecipben) forpeoblem solvamg (Clret sl 19611 wherens hased i arhopts sitnibar ey,
Podact usape experience sl product diasection| fhat have slready beey completed (Duttn sed Boitoons 1901
Yok the LD apgbiomtions 40 sedevimon wcreess for example Vo types uad styles of tmcescent Uighty bave:
et dewgined neeoniling 4o v o bmdinr et of redes shost perseeal sinictire. Neveriheless, the-ides that soaller Sgghe
CONMIYESre eIy 1 st by e of th {ights. tinteod. gt
wmphey cxne bwsed teanimng o dexign LED Dights dhet wre sialler and comserve suire energy

o Durte and Bonisone 41090 ) poasted oo et albough stnictired, mlebased knowlodgr reduces cognllive:
Towd, t abso imygwses: limmatioes on oreatrvity . Othmr sindios wlso segpesied Shat rde-based knowledge dacks
conntrv ity woad hut englioersag ediication chonihd i bde cane sodies (K Doy wind Kbty 000 Schon (903 1987

Exenignees who bold sl nule-boned kaire bed pe velevant (o the Sexign probhen «sa ah &y whe todned

ik, theae vupaltive | Aok of Al (Hertiug o ul 20001 Schan peoposed:

the reflectve practice viewpomt (Schda 108, 19871 wieh questsim the effoctivenss of traditiniml now hedge

'] bk fur - prrols e and proposed G de-based s ledge spplivations have grealer

1 s heal M L Detmese renl a2 highly compk dell il
uncettain. sppbning vl hased knowledge i peoblem sebring 1y dffirsl,

4 Coutimey o thin, sime research bas propeoed Ui eule-bused wd f fedpe I |- When

mcomturing cettam problemn. studests mum - first acgure: peoersl knewledpe: telore ey see shie 0 solve
conerete problens | Beeal 196710715 Ouer the problen bas been fewsed. tex il stieall see iseil as part wf
e design process Qe to-thor knowledge saide (OGOMacimp® wid Sever 201110 The soope o the koowbedge

e s tathor levad e desipn fur b, prerte tead 40 ving s por phivsecs proscifles that will e
wsed s vidations w0 anatyze and categoeizo probbems (Che et nl (9810 Some smadents’ abilithes, such a0 physics,
ol of math, wee 2 paeficant]; dased i thew rverall meccess s engeeenng protders sl (Shasa

)

2020.8.19 Submitted to International Journal of Technology and Design Education 1SSN: 0957-7572 Index:

SCl, SSCI IMPACT FACTOR 2019 1.326

IR BUEIERBAB TR &



@ Springer Link

Search Q Log in

Published: 25 September 2021

Can abstraction help ideation? A case study on
biologically inspired design

Xiaotan Deng, Hung-Hsiang Wang L‘;‘ Chuan-Yu Liy & Yun-Hsiang Wang

ntemational Journol of Techoology and Design Educotion (2021) | Cite this article

59 Accesses | Metrics

Abstract

In learning biologically inspired design (BID), the mapping process from problem to biological
inspirations is crucial for generating novel ideas. This study determines the effects of
knowledge representations related to design problems and inspirations on students’ novelty of
ideas generated in BID, Forty-four industrial design undergraduates were divided into four
groups in four BID workshops. In each workshop, the design problem was represented in rule-
and case-based formats while 220 biocards (inspirations were in concrete and abstract
formats. Each group took turns to create ideas using one of four knowledge representation
combinations of rule- or case-based design problems with conerete or abstract inspirations in
each workshop and completed all of them throughout the workshops. Results showed that
both ideas generated using the rule-based design problem with the conerete inspiration and
the case-based design problem with the abstract inspiration had higher mean novelty scores
than others. That implies that exclusively using highly structured representation in learning
BID is not conducive to generating creative ideas. Accordingly, this study proposes a dual-
truck process for helping students achieve better innovation by balancing abstraction of

knowledge representation in problem-solving.
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Abstract

In learning biofogically inspired design (BID). the mapping process from problem to bio
fogical inspirations is crucial for generating novel ideas. This study determines the effect
of knowledge representations reluted to design probiems and mspirations on students’ nov
ety of ideas genernted in BID. Forty-four industrial design undergroduates were divide
mto four groups in four BID workshops. In each workshop, the design problem was rep
resented 1n rule- and case-based formats while 220 biocards (inspirations were in concret
and abstract formuts. Each group took turns to areate keas wsing one of four knowledg
representation combinations of rule- or cuse-bused design problems with coacrete o
abstruct inspirations in each workshop and completed all of them throughout the work
shops. Results showed that both ideas generated using the rule-hased design problem wit
the concrete inspiration and the case-based design problem with the abstract inspiratio
had higher mean novelty scores than others. That implies that exclusively using highl
structured représentation in learming BID is not conducive o generating creative ideay
Accordingly, this study proposes o dual-track process lor helping students achieve bette
imnnovation by baluncing sbstraction of knowledge representation in problem-solving.

Keywords Biologically mspired design - Concepual design - Creativity - Design process -
Innovation

Introduction

Analogical reasonmg 15 a crucial method lor acquiring new knowledge and solvin,
problems (Vosntadou, [988), In this process, similarities are drawn between the existing
knowledge (source) and the unknown concepts (farget), followed by mapping from th
source Lo the target in order 10 generate o new understanding or new solution for the tas
get {Gentner & Markman, 1997). Analogical reasoning is used in the field of design-by
analogy (DbA), which transfer knowledge from inspiration source to the design problen

0 Humg-Hsiang Wang
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t0 be solved (Fu et al., 2013; Fu et al.. 2014; Gentner, 1983: Gentner & Markman, 199
Linsey e al, 2012), Since analogical reasoning can assist the mapping of inform
tion from biology to technology (Fayemi o al, 2017; Shu, 20004), it is commonly us«
in biologically inspired design (BID), a specific approach in the broader definition |
DbA by (Cheong et al., 2011). BID uses biological phenomena as inspiration sourc
for novel products (Benyus, 1997; French, 1988), sustainable development, and innov
tion (Helms et al,, 2009). Thus, it has been widely applied to design education to bett
match the requirements faced by professionals {Ahmed-Kristensen et al., 2014; Len:
e al,, 2018; Luo et al,, 2020; Santulli & Langella, 2010).

The problem-driven BID approach is a practical and common design approach
BID. This approach starts with problem analysis, searches and selects biological ph
nomena as inspiration sources, develops solutions, and finally gencrates design oy
comes (Fayemi et al, 2017; Lenau et al, 2018). Considering that problem-driw
approaches are usually used for industrial companies and creativity training (Co
cta, 2017; Han et al.. 2019; Shanta & Wells, 2020), we used the problem-driven Bl
approach as the methodological framework of the current study. For a given desig
problem in problem-driven BID training, students generally need to acquire and app
two kinds of knowledge delivered by the teacher: knowledge of design problems a
inspiration sources. The knowledge of design problems introduces design probiems
help students reframe the problem. define needs and constraints, and abstract desiy
problems into technical problems in problem analysis: the knowledge of inspiratic
sources is the information from which students get inspiration and generate solutions.

The way of expressing and transferring knowledge is called knowledge represemaric
(KR} (Davis et al, 1993; Markman. 2013). A significant feature of KR is that knowled,
can be expressed at the high levels of abstraction, which means lacking specific atn
utes. or low levels of abstraction, which means full of specific attributes {Nokes & Ohl
son, 2005). For example, in a design problem about “water filtration™, the engineeris
principle of water filtration is the knowledge at the hagh level of abstruction. In contra:
an actual water filter product 15 the knowledge at the Jow level of abstraction (see su
section, Knowledge representation of design problems, for more details). For anoth
example, in the inspiration source of “bat’s echolocation system”, “physical waves wi
be reflected back when they encounter obstacles™ is the knowledge at the high level |
abstraction, whereas “sound waves emitted by bats will be reflected buck when th
meet msects” is the knowledge at the low Jevel of abstraction (see sub-section. Biolog
cal phenomena representation of inspirations, for more details).

Since the two kinds of knowledge are significant in the problem-driven BID and ¢
be represented at different levels of abstraction, the question 1s: which abstraction Jev
(high or low) of KRs is more conducive to problem-driven BID innovation? So far
15 known, past studies did not have consistent views about knowledge of design pro
lems: some studies argued that the knowledge of design problems at the high level
abstraction was the basts for solving problems (Bernal, 1967, 1971 Chi et al., 198
Goldschmidt & Sever, 2011;Shanta & Wells, 2020), while other studies believed th
the knowledge of design problems at the low level of abstraction could bring innov
tion (Dutta & Bonissone. 1993; Herring et al.. 2009; Khisty & Khisty, 1992; Schi
1983, 1987). As fur the knowledge of inspiration sources, most studies argue that insg
ration sources at the high level of abstraction positively impact students’ creative thin
ing (Casakin, 2004, Christensen & Schunn, 2007, Linsey et al., 2008; Toh et al., 2017
Especially, biological phenomena represented at the high level of abstraction led
innovation (Lenau et al., 2015).

&) springer
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Although previous researches pointed out the impact of KRs on mnovation at different
abstraction levels, these researches of KRs of design problems and inspiration sources were
independent of each other and hardly discussed together i the problem-driven BID, There-
fore, this study aims to investigate the combined effect of KRs of design problems and
mspiration sources at the high or low level of abstruction on novelty in the problem-driven
BID process. In this study, we reviewed the problem-driven BID process, introduced the
KRs of design problems (rule- and case-based) and inspiration sources (abstract and
concrete) it different levels of abstraction, and investigated the combined effect through
a design workshop, The results implied that the balance of abstraction between KRs of
design problems and inspiration sources for innovation should be considered for problem-
driven BID in design education.

Related work
Problem-driven biologically inspired design processes

In the problem-driven BID, students reframe the problem m a specific representation of
bebavior or function and explore the mapping 1o some biological systems for inspiration.
Lenau et al. (2018) compiled five conventional problem-driven BID processes, namely the
five-step sequential model mentioned by the International Organization for Standardization
(ISO.(2015), the six-step design spiral established by the Biomimicry Institute (Deldin &
Schuknecht, 2014)), the Georgia Tech model (Helms et al., 2009), the Panis Tech model
(Fayemi et al., 2014}, and the biocard model established by the Technical University of
Denmark (Lenau et al.. 2010). Although these problem-driven BID processes have differ-
ent steps, they share a similar framework with alter of abstracrion and concretiza-
tion: (1) the needs and constraints are defined from the given problem, and the concrete
design objectives are abstracted into technical problems and biology requests (absrac-
tion); (2) biological phenomena are identified and selected as analogical sources for the
abstracted technical problems or biological terms (concretization). Subsequently, biologi-
cal phenomena are abstracted into solutions (abstracrion); (3) the solution strategies are
concretized into design outcomes such is sketches and prototypes (concretization).

A case study of polvmer syringe designed by Lenau et al. (2017) is used to illustrate the
problem-driven BID process. This case pointed out a recycling problem: medical metal
injection needles became hazardous waste requiring special treatment after use. When fac-
ing this problem, the designer first identified the need to use plastic needles and constraint
that penetration performance of plastic needles was much worse than that of metal needles,
which was abstrocted into penetrating by soft things (abstraction), Next, the designer iden-
tified the biological phenomenon that the mosquito proboscis is quite flexible and thin that
can penetrate the skin by the supporting organism and serrations with vibration and impulse
(concretization). The designer then abstracted this biological phenomenon into 4 mechani-
cal vibration solution to assist the plastic needle (absrraciion). Finally. a plastic neadle pro-
totype with vibration unit was designed according to this solution (concretization).

Both abstraction and concretization are significant in problem-driven BID processes.
Abstraction helps designers find unfamiliar biological phenomena to avoid design fixation
(Ahmed-Kristensen et al., 2014; Lenau @ al., 2018). For example, when facing the issue
of keeping warm, if it is not sbstracted mto a technical problem, designers may generally
find the biological phenomena of polar bears or penguins keeping warm by their fur, and
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solutions are easily linnted 1o wsing warm marerials. If the problem is abstracted into con-
trolling temperature, designers may find the biological phenomenon of butterflies opening
or closing wing scales to control temperature, and then produce unique solutions. Con-
cretization is essential for finding appropriate biological inspirations for abstrscted tech-
nical problems and implementing solutions (Fayem: et al,, 2017). Therefore, a probiem-
driven BID process with explicit abstraction and concretization phases should be helpful
for innovation,

Fayemi et al. (2017) unified twelve different problem-driven BID models within the last
decade into the Paris Tech model after extending their previous work (Fayemi et al., 2014),
Compared to other BID processes mentioned above. the Paris Tech moddl provides the
most detailed steps (eight steps in two 4-step phases) o describe biomimicry design anxd
is thus one of the most comprehensive processes. Besides, the Paris Tech model proposes
and illustrates o clarified summary of the alternations of abstraction and concretization,
whereas other processes pay little attention to this. The process is divided into two 4-step
phases designed as a double symmetnical absraction-specification cycle: the first phase
(step |-4), including prodlem analysis, abstract technical problem, transpose o biology,
and identify biological models. focuses on a technology problem to biology transition:
the second phase (step 5-8), including selecting the biofogical model, abstract biologi-
cal strategies. transpose to technalogy, and implement, in tum, CODINUCS 3 TEVETSE PrOCEss
from biology to technology. Each phase starts at o lower abstraction level, through 4 higher
abstraction leved, und finally ends at a lower sbstraction level. Because of the Paris Tech
model clearly showing the most detailed steps and alternations of abstraction und concre-
tization, this study used this model for the problem-driven BID process.

Knowledge representation of design problems

The mental processes and representations involved in designing means design cognition
(Hay et al.. 2017), including employing a practical approach to frame problems and gener-
ate solutions (Cross, 2001). Problem framing is frequently identified as a critical feature
of design expertise (Cross, 2004; Dorst. 2011). Oxman (1997) stressed the importance of
knowledge reprexentation (KR) in problem framing for creative design, including trans-
forming from the imphicit knowledge to represemtational structure that enables modifica-
tion and change, The wransformation from knowledge into representational structures
makes novel modifications and changes within, or through, those representations. As the
first step of the Paris Tech model. problem analysis aims to frame the problem, and iden-
tfy needs and constraints (Fayemi e al, 2017). Students need to know the knowledge
related to the design problem before the problem analysis (Becker & Mentzer, 2015; Chi
e al, 1981} otherwise, they may not know how to start or what 1o do with this problem,
For instance. supposing students foce the design probkem of wafter container design for
maririme distress without relevant knowledge, they may not know what functions the water
container should have. However, if students have the knowledge of water filtration related
to this design problem. In that case. students may probably define the needs that the water
contiiner should filter and store water,

Coasidering students’ knowledge of a given design problem is generally limited. the
KR of design problems is usually provided to students in design training and it is usually
presented 1n forms at high and low levels of abstraction: rmle-based and case-based (Dutta
& Bonissone, 1993; Kolodner, 1997). Rule-based knowledge is usually formed by abstract
rules for problem-solving, whereas case-based knowledge contains similar concrete cases
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that have already been completed (Chi et al., 1981; Dutta & Bontssone, 1993)). In
example of water fillers (Fig. 1), rule-based knowledge contains water filtration princi
that introduce the water purification procedures. In contrast, case-based knowledge ©
tiins the existing filter case that illustrates how o use a portable water filer and its com
nents (see more details in Ruke- and case-based design problems).

Since knowledge of design problems can be expressed in rule- and case-based repres
tations, which one is better for the problem-driven BID? So far as is known, there are lo
standing conflicting views of supporting rule- and case-based knowledge leading to in
vation, but few of them had directly looked into the problem-deiven BID. Opposite vi
of supporting rule- and case-based knowledge have existed for a fong time. In the view
supporting case-based knowledge, the case-based study will help students learn conce
and practice in more usable ways (Dutson et al., 1997; Kolodner, 2002). Designers v
hold insufficient rule-based knowledge relevant to the design problem can alternatively
related product cases o overcome these cognitive limitations and lack of inspiration (F
rng et al., 2009). Other studies also suggested that rule-hased knowledge lacks creatn
and that engineering education should include case studies (Khisty & Khisty, 1992; Sch
1983, 1957). Schin proposed the reflective practice viewpoint (Schin, 1983, 1987), wt
questioned the effectiveness of traditional knowledge structuring methods for profession
and proposed that rule-based knowledge apphications have greater effectivencss i ik
environments, Moreover, becanse virtual environments are highly camplex, undefined, |
uncertain, applying rule-based knowledge in problem-solving is difficult.

Coatrary to this, some research has proposed that rule-based and scientific knowledg
essential. When encountering certain problems, students must first acquire general kno
edge before solving concrete problems (Bernal 1967, 1971). Once the problem has b
framed, textual stimuli are helpful as o part of the design process due to their knowle
mside (Goldschmidt & Sever, 2011), The scope of the knowledge used 1s mther broad
engineering design, for example, experts tend to use physics principles that will be use(
solutions to analyze and categorize problems (Chi et al., 1981), Some students” abilit
such as physics and maths, are significantly correlated to their overall success in engini
ing problem solutions (Shanta & Wells, 2020). Additionally, cases were usabke only
solving certain problems and under specific conditions because they are not as universa
rules. (Dutta & Bonissone, 1993). Furthermore, students may misunderstand case stud
thus hindering them from obtaining knowledge (Kolodner et al., 2005). They may ¢
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become accustomed to case studies that provide default solutions, which would result in
them being unable to innovate (Linsey e al,, 2010; Sio et al., 2015).

Problem analysis, as the first step. has a significant impact on problem-driven BID inno-
vation, while KR of design problems influence the problem framing in problem analysis,
which means that KR of design problems may play a significant role in problem-driven
BID innovation. Although the above studies have pointed out the impacts of rules- and
case-based knowledge on innovation, lew of them directly investigated their impact on
problem analysis in the problem-driven BID. Therefore. the influence of rules- and case-
based KR of design problems on problem-driven BID innovation is worth investigating.

Biological phenomena representation of inspirations

According to the Paris Tech model. searching and determining the biological phenomenon
@ inspiration is a significant step. Students must select existing hiological phenomena as
the analogical source to apply i their design, during which the representation of analogi-
cal source affects the students’ thinking and design performance (Goldschmids & Smolkov,
2006; Lenau et al., 2015), Biological phenomena can be represented in low and high levels
of abstraction. namely. concrere and abstract descriptions. Concrete descriptions are usu-
ally used in biology to charsctenize actual natural phenomena, mainly focus on the form
of the phenomenon. or bnefly describe the process and behavior: abstract descriptions are
typically used in engineering to expeess abstract and structural relationships in functional
peinciples, mainly explain the principles and the reasons behind biological phenomena. For
example (Fig. 2), a concrete description for the biological ph har echolocarion,
would be “the bat mukes the sound waves m order to find insects, sound waves are reflected
back to the bat’s ear after they encounter the insect, and then the bat positions the insect’s
location”, which describes the process by which bats find food through echolocation, An
abstract description of this biological phenomenon would be “when waves encounter the
object surfuce, all waves are reflected off except vertical waves™, which explains the funda-
mental prnciple of echolocation (Denny, 2004; Wilson, 2015).

Concrete descriptions of biological plenomeny may result in fixaton, which lim-
its innovation (Jansson & Smith, 1991: Purcell & Gero, 1992, 1996), Lenau et al. (2015)
indicated that abstract descriptions of biological phenomena are conducive to overcoming
design fixation. In previous studies, when faced with the design problem of “positioning”,
the concrete description of bat echolocation may limit students’ thinking regarding using
sound waves for positioning. However, the abstract description of this biological phenony-
enon enables students to constder other waves (such as electromagnetic waves) for posi-
tioning. Studies have indicated that the abstract structural relationship between the target
and source has a considerable inpovation-guiding effect in analogical thinking (Casakin,

) v
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Fig.2 Concrete (left) and abstract (right) beological phencmena ol bat sooar. Emages are redrawn from
Densry (2004} and Wiksom (2015)
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2004; Christensen & Schunn, 2007; Gentner, 1983; Gentner & Markman, 1997). However,
Casakin (2004) revealed that only some students could understand this abstract structure.
Toh et ul. (2013) noted that complex ubstract structures might inhibit student innovation
andd Lenaw et al, (2015) indicated that not all students have abstrsct thinking abilities. Addi-
tionally. concrete forms {c.g., colors, materials, and shapes) are essential for product inno-
vation in certain fields. For example, the appearance of a deorknob indicates whether users
should push or pull 10 open the door; the computer operating system interfaces commonly
use the concrete symbol of a trash can to represent the delete functions. Well-designed
products employ familiar forms to transmit the unfamiliar connotations of new designs
(Hekkert & Cila, 2015; Knippendorff, 2007).

Previous studies have indicated that although abstract structural relationships positively
impact the mnovation of designs, concrete forms are indispensable. Take the example of
Excalibur Toilet Brush, designed by Phillippe Starck. First of all, the design problem is
0 elevate the everyday activity about the toilet brush, The student searched for inspira-
tion in a DbA approach. He caught the implicit similarity of abstract structure between
the activities that “a user draws the brush from the stund to clean o dirty toilet humbly™
and “King Arthur pulled the Excalibur sword out of the stone to do battle with the enemy
epically”. Starck adopted some concrete elements to shape the brush 1o enforce the user to
acknowledge the negative emotion when using the totlet brush and flip that negative mto
a playful adventure. For example. the form of the protective scabbard and round point of
fencing sword are related to the handie and bristle of the brush, respectively, invoking an
image of jousting with the dirty toilet in fencing épéé for joyful user experience (King &
Chang, 2016). Therefore, reexamining the effects of concrete descriptions on the biological
phenomena in BID is needed

Biologically inspired design tools

BID requires tools that provide the knowledge representation (KR) of biological phenom-
ena at suitable levels, B of the limited duration of workshops, BID 1wols should be
convenient, enable participants to understand biologcal phenomena quickly and support
the BID abstraction process (Fayemi et al., 2014)), Numerous databases on BID are avail-
able for acquiring innovations from biological phenomena and applying them to BID (Fu
et al., 2014). For example, AskNature (https://faknawre.org) (Deldin & Schuknecht, 2014),
an online, social media-based database amming to share knowledge in biology, contains
essential information oa biological phenomena and BID applications. The categorization
and navigation methods of the AskNature databise are similar to those of typical search
engines and are suitable for nonprofessional users, Besides, biocards are a BID tool used
10 cultivate students” innovation (Ahmed-Kristensen et al,, 2014; Lenau et al., 2015). Bio-
cards employ short and precise text descriptions and sequential figures to describe hio-
logical phenomena (see maore details in sub-section, Concrere and abstract biocardy), thus
facalitating user understanding and aiding in the abstraction process. Because the content
in BID databases may be cumbersome, workshops that directly apply BID databases must
expend considerable time to search and understand biological phenomena. Therefore, we
employed AskNature as the search engines to obtain biological phenomena and then pre-
sented these phenomena as biocards, The present study used biocards (o describe biologi-
cal phenomena and as a tool 1o support the BID process.

@ Springer

Research objectives

In light of previous studies, the current study was developed to explore
effect of KRs of design problems (i.e,, rule- and case-based) and inspir
(Le., concrete and abstract) on novelty in the problem-driven BID prod
investigated whether rule- or case-based design problems provides more
port for innovation. Some research posited that rule-based knowledge i
science or design fields (Bernal, 1967, 1971; Chi et al., 1981). Howeve
knowledge is more practical when encountering new problems (Schin,
while rule-based knowledge may limit creative thinking (Dutta & Boni
To determine these inconsistent arguments, we proposed the following hy

Hypothesis 1 (H1). The case-based design problem representation has
Inyraets on the novelry of ideas than the rude-based design problem represent

Next. we aimed to determine whether abstract or concrete descriptions
phenomena provide greater support for innovation. Concrete descriptions
design fixation, which 1s unconducive to innovative thinking (Jansson & |
However, abstract descriptions of biological ph are conducive b
design fixation (Lenau et al., 2015). Although abstract structural relations
lenging to understand (Casakin, 2004; Toh & Miller, 2013), abstract di
the structural relationships between the target and source can provide
support for innovation thay concrete descriptions (Casakin, 2004; Gent
man, 1997). Therefore, we proposed the following hypothesis.

Hypothesis 2 (H2). The abstract inspirarion has more positive impacts on
ideax than the concrere inspiration.

Finally, 1o determine the combination of design problem with insp
sentations that provides the most support for innovation, we proposed
hypothesis established based on the theoretical foundations of HI and H2

Hypothesis 3 (H3). The combination of case-based design problem repre.
absiract inspiration has more positive impacts on novelry of ideas than the ¢
mile-based design problem representation with concrete inspiration.

Method
Participants

The experiment participants in this study were 44 students (14 males an
aging from 20 to 23 [M =20.9, 5D =0.73]). All participants were underg
the Department of Industrial Design of National Taipei University of Tec

Can abstraction help ideation? A case study on bologically. .,

Materials

This study conducted four workshops on the following topics: (A) mouse trap design: (B)
water container design for maritime distress; (C) design w reduce premature infant mor
tality rate in developing countries; and (D) smart logistics transportation system design,
Each workshop included four types of materials based on combinations of knowledge rep-
resentations, namely rule-based design problem with concrete inspiration (RN), ride-baved
design problem with abstract inspiration (RA). case-based design problem with concrere
inspiration {CN), and case-based design problem with abstract inspiration (CA),

Rule- and case-based design problems

Fig. 3 illustrate the rule- and case-based design problem representations used in topx B
(water container design for maritime distress), The rule-based design problem represen-
tation introduces water categories, procedures and functions, and design principles. For
example, tap water, which has undergone chlonne filtenng and imparity removal, must be
boiled before drinking: the first step of a five-step procedure requires high-quality filtering
materials used to filter mud, gravel, hair, and other materials; demiands or 1ssues that must
be clarified and defined during maritime disasters. In the case-based design problem rep-
resentation, the usage processes and scenarios were employed to illustrate a waler purifier
product. When camping with children in overseas countries, the hygiene of tap water and
bottled water is questionable. The water filter uses numerous U-shaped hollow microfiber
twbes that filter vut 99.9999% of pollutants and provides a 0.1-pm absolute filter o filter
bactenia. protozon, and microplastics. Besides, a 16-0z reusable pressurization bag can be
folded when empty, thereby conserving packaging space.

Concrete and abstract biocards

Biocards are used as mspiration representations in this study. Two hundred and twenty
(220) pairs of concrete and abstract biocards were designed by the 44 participants under
the authors” guidance. By searching biological phenomena examples in AskNature
and referencing the existing biocards (Lenau et al,, 2015), each participant created five
concrete and abstract biocards encompassing topics related to mammols. fish, insects,
and plants. The biocards comprise biological phenomena, bological mechanisms,
and functional principle. The content of biological phenomena and biological mecha-
nisms in concrete and abstract biocards are the same, whereas functional principle dif-
fers. Functional principle’s discrepancy embodies in the different termunology, empha-
sis, and schematic diagram: the concrete biocard uses terminology from biology and
focuses on biological behavior and processes, and the schemutic dingram reflects the
morphology of biological organism: the abstract biocard uses terminology close to the
engineering field, focuses on presenting underlying principles, and the schematic dia-
gram reflects the abstract underlying principle. For example, in “selective penetration of
mouse agquaporins” (Fig. 4), both of them describe how aguaporing help the cells regu-
late their osmotic pressure (i.¢.. biological phenomena) by allowing water molecules to
pass through the aquaporins (i.e., biological mechanism). About functional principle,
the concrete biocurd detanls the process of aquaponns allowing water molecules to flow
in and out of the cell membmne rapidly. with biological terms such as “aquaporins™
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Fig.3 Rule-based (lop) mnd case-based (bottom) design problem representations of water filter contaner

and “cell membrane™, and the schematic diagram illustrates the appearance of water
molecules and aquaponns. In contrast, the abstract biocard details how positive dipoles
enable water molecules to rearrange and pass through, with engineering terms such as
“positive dipoles”, and the schematic diagram illustrated interaction between mokcules.
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Design worksheet

The design worksheet was printed in A3 size. Each participant was requared
the title of hiocards in the bottom quarter of the worksheet, The remaning th
of the warksheet were blank for the participants to draft design ideas for their s
cards topac and note o brief design description,

Procedures

The experiment process adhered to the BID process of the Paris Tech model (F
2014). Because of the workshop duration limitations and traning purpose, the
focused on steps 1-8. In Step 9, three judges conducted the novelty assessmen
Judges are one first-year industral design doctoral student and two first-ye:
design master's students with industrial design training experience from 5 o’
they are trained for two semesters of design creativity and BID. Before the fins
the overall process of four workshops (that were beld weekly) was introduce
ticipants, who were then divided into four groups. In each workshop, each of th
of matenals (RN, RA. CN, and CA. see sub-section Materialy) was distributes
ticipants in ope of the four groups; the types of materials received by the four |
not repeated, Afterward, the participants in ¢ach group received different types
during the four workshops. At the beginning of each workshop, each particips
the same set of materials in his or her group and a design worksheel, and then

X. Deng et ol

explamed the design topic of the current workshop. the workshop duration, and how to use
the design maderial and worksheet. All participants conducted the workshop in the same
classroom, and each participant individually inspected their design matenial for four hours
and completed the innovitive design on their design worksheet, Once a workshop was fin-
1shed, ileas generated during this workshop were evaluated for novelty. After completing
all four workshops, all ideas were divided into four idea groups according to the type of
materials received, named RN, RA, CN, and CA idea groups.

Novelty assessment

Ideas generated through BID can be evaluated in terms of vanous factors, and the most
common one is creativity. Furthermore, creativity can be evaluated using vanous indi-
cators, including the quantity, quality, diversity, and novelty of the ideas (Peeters et al.,
2010), In particular, novelty is commonly used to evaluate the creativity of ideas (Fuo et al.,
2013; Lenau et al., 2015) and refers 1o uniqueness or rarity in ideas (Dean et al., 2006). Fu
et al, (2013) proposed a novelty evaluation method centering on idea ranty. This method
employed the definition of function proposed by Hirtz et al. (2002) to determine whether
the idea provides functional solutions for the design problems. Besides, this method
assumed that ideas conceived by fewer people exhibit novelty. Therefore, we employed the
method proposed by Fu et al. (2013) w evaluate the novelty of ideas.

In the novelty ussessment method, a sub-function group consists of possible solutions,
Each idea provides one or more solutions for the sub-function group. Moreover, each
sub-function group comprises three components: (1) what, the type of sub-function (e.g.,
energy or a part of the human body such as the foot: (2) how, the components that imple-
ment the sub-function (e.g,, pedal ) and (3) componnd, descriptions of the compound func-
tions of whar and how (e.g., the foot stomps on the pedal). The novelty (n) of each idea is
caleulated as follows:

w, xR
nebeg B9

R represents the rarity score for the idea’s solution for the jth component of ith sub-func-
tion, The overall rarity score of ith sub-function is calculuted s the weighted mean of jth
component in jth sub-function, and the recommended weights of what, how, wnd compound
are 0.5, 0.3, and 0.2, respectively (Fu et al,, 2013). Furthermore, the novelty score of each
idea is obtained by calculating the unweighted means of ranty scores of all i sub-function,
R for each idea’s solution 1s computed in the following equation:
T—-C

R= - (2)
T, o this study, is the total number of solutions for a given component of & given sub-func-
tion, and € 15 the number of solutions of the same type as the current solution. Before the
novelty assessment, the three judges (same as the three judges in the section, Procedures)
ndividually assessed 1deas for inter-rater agreement ot two kevels: (1} whether an idea pro-
vided a solution to a given sub-function. (2} type of what, how. and compound. The first
Jevel got a good agreement (Cronbach’s a=0901, and the second level also got a good
agreement of whar (Cronbach’s a=0.926), how (Cronbach’s a=0.958) und compound
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(Cronbach's a=0.961). The three judges reached an agreement after discussing differences
and then assessed the novelty of ideas.

For example. in the filter concept design (Fig. 5), the filter only allows water to run
through by extruding it, inspired by the selective penetrution of mouse squaporing. This
idea provides the solution for one sub-function, “tmnsfer objects™ (i= 1), and this idea’s
whar is “pressure”, how is “extrusion device”, and compound is “using the extrusion device
1 filter water by pressure”. There are twenty-one solutions (7'=21) for “transfer objects™
in design outcome, and the number of solutions with the same whar, iow and compeund
of the given idea are seven (C, ., =T}, one (Cy, = 1), und one (€, 0= 1), respectively,
So. calculations of the ranty score in what (j=1), how (j=2) and compound (j=3} are
0.67 (R, =0.671 0.95 (R, =0.95) and 0.95 (R, ..., =0.95) according o Eq. (2), And,
according to Eq. (1) and the suggested weights (0.5, 0.3, and 0.2 for what, how. and com-
pound, vespectively) (Fu et al, 2013), the cakeulation of the novelty score in this ides is
081

Results
Ideas and novelty
In this study, 44 participants generated 519 ideas (Table 1), with an average of 11.8

ideas per participant (SD=5.01). The novelty scores of these ideas ranged from (.10 1o
LOO (N=519, M=0.826, SD=0).145). First, we compared the effects of design problem
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Table 1 Nonely scores of ideas

ldeas N Meun SD Min Max

All 519 0826 0,145 nm 1000

KRs of design problens Ruk 259 0.825 0136 0370 1.000
Case 260 0.82% 0153 (0100 1000

KRsof imspration sources Conerete 275 08M 0142 0100 1000
Abstract 4 0817 0.147 0400 1000

Groups RN 135 0850 0115 0470 1000
RA 124 D78 0149 0470 1000
CN 40 0820 0161 0100 1000
CA 120 0837 014 0400 0980

() RN=nulebaved design peoblem with comorete mspirstion, RA= rule-baved design |
abstract inspimaton, CN=case-hared design probiom with comerefe ignpiration, CA=cuse.
peoblem with abwnx 7 insplration

representations and inspimtion representations. respectively, on the novelty of i
tities of adews and mean novelty score generated from the rule-based desy
(Vm259, M=0.825, SD=0.136) and the case-bused design problem (V =260,
SD=0.153) are similar, In contrast, Quantities of ideas and mean novelty scor
from concrete inspirition (N=275, M=0.834, D =0.142} are higher than ab:
mtion (N=24, M=0.817, SD=0.147). Second, we compared novelty scores
groups (1e., rule-based design problem with concrete inspiration, RN: rule-b
problem with absrract inspiration, RA; case-based design problem with conci
tion, CN, und case-baved design problem with @bstract inspirtion, CA). Tat
that mean novelty score of RN group was the highest (N'= 135, M=0.850, !
whereas mean novelty score of RA group was the lowest (V=124, M=0,798, §

Idea samples are presented in Fig. 5 for topic B (water container design fi
distress), In this topic B, an idea of the RN group employed the idea that camel
reabsorb witer vapor as the analogical source and designed a mask that can a
vapor from the air for water storage (novelty=0.93). An idea of the RA grol
beological phenomenon of crab filtering materials with 1ts mouthparts as insg
designed a water filter device (novelty=0.77), Moreover, an idea of the CN
the biological phenomenon of selective penctration of mogse aquaporins as ins|
designed a filter device that allows water to pass when pressured (novelty =0.4
an idea of the CA group was generated with the inspiration of thin-walled filters
ing a filter device (navelty =0.86).

Hypothesis testing

In hypothesis HI, we anticipated that the case-based design problem represe
more positive impacts on the novelty of ideas than the rule-based design proble
tation. The purpose was to determine whether using different design problem
tions (e, rules and cise-based) enables the ideas generation with different
validate this hypothesis, we employed an independent-sample t-test to compi
elty of ideas generated hy the two types of design problems. The results revea
novelty of ieas generated using ruke- (M=0.825, SD=0.136) and the case-b
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Fg.6 Errur burs (95% Cliof ne
mean novelty of four groups of

weas (V=519) (RN =rmle-based oA
dexign peoblem with concrete

mspuraton, RA=ride baved

design problem with ahgrny et
mnpiraticn, CN = cave ased

design problem with concrete s
mspuraton, CA=care-based

design problem with ab ey 0T

N A X CA

mpiraticn)

Mean Nowelry

Table 2 Post-hoc comparsson JiGoupl  1(Group)
between groaps
RN CA CN RA
RN -
CA 0012 (0883 -
CN 0030 (0302) 0017 M) -
RA 0052100121 0040 L1532 0022 (0.654)

Bold vatoe in brackets indicates that the compaeison differeace 1s sta-
tistically significant (p-value below 0.05)

(1) Growps e armnged by mean novelty scores

(1) Mean difference (11 p-values are in between hrackets (hald val-
ues indcate povaloe <0.05)

() RN=ride-hated design problem with cencrefe  imspaation,
RA =ride-hased design problem with abstracs inspration, ON =case-
ivered design problem with concre inspiration. CA = case-bued
design problem with abstract nspiration

problem (M=0.828, S0 =0.153) did not differ significantly (1=~ 0,249, p=0.804); thus,
hypothesis HI was rgjected.

In hypothesis H2, we predicted that abstract inspiration had a more positive impact on
the povelty of ideas than concrete inspiration, The purpose was 1o compare the novelty
of 1deas generied using the two types of inspiration representations (Le., brocards with
abstract descriptions and those with concrete descriptions). Similarly, we employed an
independent samples tiest (o compare the novelty of the ieas generated using the con-
crete (M=0.834, SD=0.142) and abstract (M =0.817, SD=0.147) inspiration. The results
reveakd no significant difference (1=1352, p=0.177) therefore, this hypothesis H2 was
rejected,

In hypothesis H3, it wis supposed that the combination of the case-based design prob-
Jem with abstract inspiration (t.e., CA) led mnovation, whereas the combination of the
rule-based design problem with concrete inspirtion (i.e., RN) hampered innovation, We
adopted the four types of materials as independent variables and the ideas' novelty as the
dependent variable and applied a one-way ANOVA_ As shown in Fig. 6, the results revealed
a significant difference on novelty F{(3, 515)=3.122, p=0.026, ;' =0018. Becune the
Levene's test reported that variances were not homogenous (p=0.023), the Games-Howell
test was conducted for post-hoc analysis. As shown in Table 2 (arrunged by mean novelty
scores ), the mean novelty score of CA group (M =0.837) was not significantly (p=(0.883)
higher than RN group (M=0.850), The results rejected hypothesis H3. Nonetheless, the
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oaly significance (p=0.012) of the novelty of these four groups was that RN group was
higher than RA group (M=10.798). The mean novelty of CA group was slightly, yet not sta-

ustically, significantly higher than RA group (p=0.153); meanwhile. the mean novelty of

CN group (M=0.820) was not significantly (p=0.654) higher than RA group, The results
mndicated a latent boundary between CA and CN groups, meaning RN and CA groups were
better than RA and CN groups, which implied that the combinations of low and high levels
of abstract representations in either RN or CA groups were conducive to innovation.

Discussion

Completing the expeniment, we obtained data about the effects of Anowledge represenia-
tions (KRs) of design problems (i.e., rule- and case-based) and ispiration sources (i.e.,
concrete and abstract) on novelty in problkem-driven BID training (1.¢.. rle-based design
peoblem with concrete inspiration. RN: rule-based design problem with abstract inspira-
tion, RA; caxe-based design problem with conerete inspiration, CN; and case-based design
problem with abstract inspiration. CA). The main findimgs from the study were as follows:
(1) the effects of rule and case-based design problem representations on novelty did not
differ significantly; (2) the effects of concrete and abstract biological phenomena on nov-
elty did not differ significantly; (3) ideas’ novelty scores of RN and CA group were the
highest, tollowed by the CN group, and ideas” novelty score in RA group was the lowest,

The first finding did not support hypothesis H1 that cases were better than rules, and it
showed no bias towards supporting case-based knowledge (Dutson et al., 1997; Herring
et al, 2009; Khisty & Khisty, 1992; Kolodner, 2002; Schon, 1983, 1987), or supporting
rule-based knowledge (Bernal, 1967, 1971; Chi et al., 1981); Goldschmidt & Sever, 2011
Shanta & Wells, 2020). The sccond finding did not support hypothesis H2 and showed that
abstract and concrete inspirations had little difference in keading innovation, which did not
support previous studies thut abstract inspirations were better than concrete inspirations
Uansson & Smith, 191 Lenaw et al, 2015, Purcell & Gero, 1992, 1996). In addition,
the third finding showed that different combinations of design problems und inspiration
sources impacted novelty, These three findings indicated that if KRs of design problens or
nspiration sources were considered separately, it was difficult 1o judge whether knowledge
at & high or low level of abstraction was more helpful for innovation,

The third and last main finding refuted hypothesis H3 that the combination of case-
based design prodlem representation with abstract inspiration (i.e.. CA) has more positive
impacts on the novelty of ideas than the combination of rule-based design problem repre-
sentution with concrete inspiration (i.e.. RN). The actual result was that the ideas’ novelty
scores of RN and CA group were the highest, followed by the CN group. The most likely
explanation is that students who received the CN materials had to face both KRs of design
peoblems and inspiration sources at low abstraction levels (Le., case-based design problem
with concrete inspiration), which might increase cognitive loads of abstraction in the prob-
lem-driven BID process. In contrast, RN group started with the nde-based design problem
at the high abstraction level, which reduced the cognitive loads when abstracting the design
problem mto technical problems and biology requests: CA group used abstract inspirntion,
which reduced the cognitive loads when abstracting inspiration into technology,

Although rule-based design problem oc abszract nspiration reduced thinking loads of

abstraction, the combimation of them (i.e., rule-based design problem with abstacr inspi-
mtion, RA) ked to the lowest mean novelty score, This result might be due to cognitive
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loads when facing materials o high abstraction levels. It was challengmg to
abstract structures and produce innovative ideas for students (Casakin, 2004;
2013), and not all stiddents have enough abstract thinking abihues (Lenau et al.,
thermore, students must use metaphors 1o represent abstract functions in conc
and products must express their intrinsic functions and image through their appe
form (Hekkert & Cila, 2015; Krippendorff, 2007), Students who received R.
could be difficull to understand both the rule-based design problem and abstr
ton, which were subjected to considerable cognitive loads of concrerizanon i
lem-driven BID process,

Matenials at overly high or low abstraction levels may obstruct BID's ubstract
cretization processes, thereby influencing innovation. Using high abstract col
such as RA materials, the participants had difficulty understanding and gener
with the cogaitive load on the concretization process., thereby leading o un
innovation results. By contrast, CN materials were effortless for the participan’
stand and provided them with concrete forms to support their innovation, but
the participants’ cognitive load on the abstraction process, The experiment ¢
cated that RN and CA materials facilitated innovation, which was not highly
concrete and prevented the participants from sustaining excessive cognitive lo
fore, an appropriate balance between abstract and concrete forms 1s crucial for
neither is dispensable. This finding is significant for problem-driven BID edt
the one hand, it pointed out that both KRs of design problems and inspiration
essential for innovation. On the other hand. this finding provided u refereace fi
driven BID training. When preparing knowledge for students, the balance of
levels between KRs of design knowledge and inspiration sources should be cons

According 10 the lost finding, we concluded tht abstraction and concretiz
plement cach other in the BID. Maintaining o dynamic balance between abst
concretization is essential, and this dynamic balance should be integruted int
Jem-driven BID process. Therefore, we modified the Parts Tech meodel mto o
wack problem-driven BID process which depicted two paths (RN and CA path

vt RN FPath

Absemcnin
wm CA Path

i !r-ugmalw 7. Trarsposed
W technodogy

(\\//‘

3. Mdenmty * bmgplerment
1u. Diefine neads 5b. Select whatract
with rules

Hogtulmsﬁq/
hnﬂowmlmnkl/
It Define neods %4, Select comerete

with caves \ buological model

WW\__,/

Flg.7 Balancing sbstmction befween design peoblem and 1
RN =rule-taved design problem with cone e mspinlmn. CA=casebased design pmblcm
s paration

Comurctization
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design mnovation (Fig. 7). The two paths are roughly similar to cach other, except for step
| and step 5 (step la and step Sa for the RN path; step 1b and step 5b for the RN path). We
use blue arrows to indicate the RN path and vse a yellow arrow to indicate the CA path.
RN path starts with rude-based design problem representation in step | (step la, problem
analysis with rides). then skips step 2 and goes directly to step 3: in step 3. the path selects
the biological model from concrete inspiration representation (step 5a, select concrete ho-
logical model ), In contrast, CA path starts with case-based design problem representation
in step 1 {step 1b, problem analysis with cases}; in step S. the path selects the biological
model from abstruct inspiration representation (step Sh, select abytraer biological medel),
then the path skips step 6 and goes directly to step 7.

To better illustrute this modified model, we present two examples designed by stu-
dents in workshops. The first example 1s “water vapor reabsorption mask™ tn the RN path
(Fig. #). When fucing the problem, the student first identified the need, “A container that
can collect and store water” (step 1n). which was directly sbstracted into “Capture and store
liquid” (step 3) and skipped the step of abstract rechnical problem. Next, the student identi-
fied the biological phenomenon of came! nasal, which can reabsorb water vapor (step 4),
and select the conerete biological phenomenon that camel s nasal can reabsorb water vapor
when the camel breathes (step 3a). And then, the student sbstracted this concrete biologi-
cal phenomenon into “absorb water vapor from the air” (step 6) and further abstracied 1t
into “steam condenses to liquid™ (step 7). Finally, an implementation of “a mask that can
collect water vapor™ was generated (step 8) with the sketch. The second example is “thin-
walled filter” in the CA path (Fig. 9). The student first identified the need. “filter water and
remove sand, rust and other things” (step 1h), which was abstracted into "“remove the impu-
nty and collect water” (step 2), and further abstracted it into “separate other things from
liquid” (step 3). Next, the student identified the biological phenomenon of crab oral caviry,
which can remove impunty i the oral cavity (step 4) and select the sbstract biological

RN Path

A bt
o~ CA Path (sot used)

3. Capture aml

wors liguat / tmkﬂl|w‘7lu
\ . \
£ A ek that ces
4 Camned nasal mﬂm-mvnp- water up-

oo the s

Ia A comuiner
B can collect
e Shore winer
iuumdn--lan
reabnoth water vapes
Tnprer
/1 A maak that can collecs water
— f vaper, comibenas wiker vapar
. A Imo droplets sid soee (hetn

Fig.8 Example of RN path: water vapor reabsarption masd. RN = rle-Based design problem with concaete
msperation

Conxretmen

water filitmion principles

&) springer
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RN Path {not used)
N CA Puth T

4. Crab oeal K A Sevice cn
ity hrush impraity away

2 Brosh away the
rgrarity fiom

Input Cuipw
wator Gher came ™)
L) [
e A filter with thin-walled

sczeen, which has uny
fiber steucture 10 trush

‘5" = impurity wway
J

Fig.9 Example of CA path: thin.walled filter, CA = cuse-hased design probiem with absrocs mspirutson

phenomenon that "brush away the impurity from water”™ (step Sb). The student directly
abstracted this abstract biological phenomenon into “distinguish impurity and liquid” (step
T) and skipped the step of abstract biological srraregy. Finally, an implementation of “a
filter with thin-walled screen™ was generated (step 8).

This study has limitations. First, only extrinsic knowledge (ie.. what all participunts
learned from the well-described design problems and inspiration provided by such exter-
nal sources as worksheets) was discussed. However, intrinsic knowledge (i.e., what cach
participant used (o relite the inspirations to solve the problems in a different thinking tech-
nique) was not considered, though it may influence the novelty of ideas generated. Second,
because of the large number of participants and the focus on the novelty of products rather
than processes, this study did not employ think-aloud protocol or participants’ self-reports.
Instead, all assessments on the novelty were exclusively based on the participants’ ideas
produced in the BID workshops. Further investigation is needed to explore the purticipants’
intrinsic knowledge in deeper analyses.

Conclusion

The current study investigated the combined effect of knowledge representarions (KRs) of
destgn problems and inspiration sources at the high or low level of abstraction on nov-
elty in the peoblem-driven BID process. We have conducted four workshops and provided
participants with materials comprising two types of design problem representations (i.e,,
rule- or case-based) and two types of inspiration representations (Le,, concrete or abstract ).

& springer

The results revealed that KRs of nude-based design problem with concrere insp
or case-based design problem with abstract inspiration (CA) was the most ¢
novelty in the BID, followed by KRs of case-based design problem with conc
tion (ON), and KRs of rule-based design problem with abstract inspication ()
least conducive to novelty. Based on these findings. a problem-dnven BID o
balance abstraction of KRs. In order 1o achieve the balance, KRs could con
based design problem (eg., product design requirement, function, or princip
crere mspiration (e.g.. ilustration of animals’ behaviors). or case-based des
(e.g., product design case) and abstract inspiration (e.g2., underlying principl
cal phenomena). Furthermore, we proposed a dual-track problem-driven BID
the balance to map the given problems o biological inspirations to help stude
novel sdeas. Future research should constder the potential effects of the balanc
tion and more applications of the dual-track process to design education. Our
will guide students to establish a database containing design problems and in
balanced abstraction for the dund-track process. We will then identify challes
dents when applying the dual-track process with the database and optimize the
BID innovation.
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