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Synopsis Crossing t radit iona l disciplina ry bounda ries ca n accelerate adva nces in scientific knowledge , oft en t o the great ser- 
vice of s ociety. Howe ver, in tegra tiv e w ork ent ails cert ain cha l len g es, includin g the ten den cy for indiv idu a l spe cia lizat ion and the 
difficul ty o f co mm unica tion across field s. Tool s like th e As kNa ture da tabase a nd a n eng ine er ing-to-biology t hes aur us par tially 
reduce the bar r ier to infor mation flow between biology an d engin eering. Th ese tools would be com plemen ted by a b ig-p icture 
fram ewor k to h e lp r esear c her s an d design ers con cep tually ap p roach co nversatio ns wi th colleagues acr oss disciplines. Her e, I 
synt hesize existing ide as to propose a conceptual framewo rk o rga nized a round function. The basic framework hig hlig hts the 
co ntribu tio ns o f sub-o rgani sm a l t rai ts (e.g., mo rp ho logy, p hysio logy , biochemistry , materia l propert ies), be havior, an d th e en- 
vironm ent to fun ct iona l outcomes. I a ls o pres ent s e vera l modificat io ns o f th e fram ewor k t hat rese arc her s and designer s can 
u se to m a ke conne ct ions to high er leve ls of biolog ica l organizat ion and to understand the influence neural control, develop- 
men t/on tog eny, ev olut ion, and t rade-offs in biolog ica l systems. The fra mework ca n be used within organi sm al biology to unite 
su bfie lds, an d also to aid the leap fro m o rgani sm al biology to bioinspired design. It provides a means fo r mapp ing the often- 
com plex pa thways amo ng o rgani sm al and environmental c haract erist ics, u lt imately guiding us to a deeper un derstan ding of 
organi sm a l funct ion. 
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ntroduction 

m portan t scien t ific quest ions and cha l len g es often re-
uir e input fr om mu lt ip le fields. Bio logy, f or insta nce,
an benefit from the expertise of eng ine ers, physicists,
hemi sts, m athem aticia ns, a nd ot her rese arc her s from
u tside b iology. We can use rob otic mo del or ganism s
o examin e th e fun ct iona l effe cts of varying m orph ol-
gy and behavio r, incl uding in ways that would be
nfeasib le to stud y in li vin g or ganism s becaus e thos e
h en otypes do not exist, or because or ganism s notori-
us ly ch oose n ot to be have h ow experim ent er s would
ike them to ( Lon g 2007 ; Flamman g and Porter 2011 ;
ravis h an d Lauder 2018 ; Fla mma ng 2022 ). A n a lyt i-
al tools from physics an d engin eering can let us dig
nto the mech ani sm s underlyin g a l l kinds o f b iologi-
al ph en om ena. Take th e case o f fini te e lem ent analy-
i s, which h a s yielded insigh t in to for m-f un ction re la-
 dvance A ccess pu blication Jun e 9, 2025 
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io nshi ps in numerous biolog ica l systems ( Rayfield et al.
001 ; Ross 2005 ; McCu l lough et a l. 2014 ; Vi l lacís Núñe z
t al. 2022 ). Even within biology, different su bfie lds di-
ect their a tten tion to differen t levels o f b iolog ica l or-
aniza tion, em ploy ing a dizzy ing array of t ec hniques in
ettin gs ran gin g from the field to the bench to co mpu t-
n g environments. To an sw er many of our mos t interes t-
ng and im portan t biolog ica l quest ions, biolog ists from
ifferent su bfie ld s mu st unite their div erse stren gth s and
 ersp e ct ives. 
Eng ine ers, on t he ot her ha nd, ca n look towa rds

 iology fo r insp iratio n t o tac kle many of the c hal-
en g es tha t h uman s face. In sp iratio n can co me fro m any
evel o f b iolog ica l organizat ion, a lth ough biomim etic
 rod ucts may p art icu larly draw their insp iratio n fro m
r ganism-lev el observation s, per haps n ot surprising
on siderin g that or ganism s ar e mor e easily observ-
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able than sma l ler- or lar g er-sca le biolog ica l ph en om-
ena (e.g., mole cu les, cel ls, e cosyst ems) ( B hasin and
M cA da ms 2018 ). Compa rative m eth ods fro m b iology
ca n tak e b io insp ired design to new heights by pro-
vidin g a mean s to lev erag e biodiv er sity ( Penic k et al .
2022 ). We might espe cia l ly reap the benefits of nature’s
insp iratio n when b iologists are incl uded in the b io in-
spire d desig n p rocess; yet, b io insp ire d desig n teams
rare ly in cl ude b iologists, limi tin g their a b ili ty to assimi-
l ate biologic al knowledg e ( G raeff et a l. 2019 ; Ng et a l.
2021 ; Sn e ll-Ro o d and Smirnoff 2023 ; but see the fol-
low ing for ped agogic al approaches that invo l ve inte-
g rat ing biolog ists into b io insp ire d desig n teams: Yen
et al. 2011 ; He lms an d Goe l 2014 ; Fu l l et a l. 2015 ,
2021 ). 

Desp i te the clear benefits of in tegra tiv e w ork, at
least two inherent disci pline-b ridg ing cha l len g es pose
a bar r ier to its s ucces sful purs uit. Firs t, s pe cia lizat ion
can lead to wards fixation. I ndiv idu al r esear c her s of-
t en struggle t o ma inta in a mile-high view of the con-
text, if w e striv e t o ac hie ve the mile-high vie w at a l l.
Second, r esear chers fr om differ en t fields m ust gra p-
ple wi th co mm unica t ion b ar r ier s, whic h must be over-
co me fo r us to wo rk effe ct i vel y together. Difficulty
comm unica tin g stem s not only fr om differ ent v oca b-
u laries, but a lso fr om differ ent an d in complete per-
spe ct ives with respect to the huge body of knowl-
e dge avai lable fo r interdisci plinary studies to draw
u po n. 

Due to its inherently integ rat ive nature, b io insp ired
design h a s b een the fo cus of s e veral effo rts to b ridge
the gap between fields, spe cifica l ly eng ine ering and bi-
o logy. One examp le , AskNature , prov ides a d atabase
to h e lp design ers m ore easily fin d insp iratio n in b iol-
ogy ( Deldin and Schu kne cht 2014 ; se e a lso Wanie ck
et al. 2017 for a re vie w of such tools in b io mimetics).
D at abases provide a h e lpf ul st art, but t h ey s h ould n ot
b e an endp oin t for inspira tion—litera tur e sear ch es an d
co nversatio ns wi th b iologists can lead to mor e sour ces
o f insp iratio n and a deeper un derstan ding ( Sn e ll-Ro o d
an d Smirn off 2023 ). An engin eer ing-to-biology t he-
saurus h e lps engin eers trans late th eir v oca bulary into
ter ms usef ul for se a rching a n d interpreting th e biology
lit erature , enhan cing th eir ab ili ty t o int egrat e biological
knowledg e into en gineerin g design ( Nagel et al. 2010 ;
Nagel 2014 ). This tool can also reduce the communica-
t ion b ar r ier betw een en g ine ers and biolog ists by h e l p ing
them nav igate voc abul a ry differen ces, on ce th ey have
de cide d to have a co nversatio n o n a p art icu lar topic.
How ev er, it is often not obvious what to ask or dis-
cuss with som eon e from an oth er disciplin e in th e first
place. 
 

Conceptual frameworks in biology and 

design 

Con ceptual fram ewor ks can h e lp r esear c her s identify
im portan t open questions an d determin e th e m ost ef-
fe ct ive (potent ia l ly interdi sciplin ary) approach to an-
sw erin g those questions. Not surp risingly, mul ti ple
fie lds th er efor e make use o f co n ceptual fram ewor ks,
incl uding b iology and design. Fo r examp le, Arno ld’s
m orph ology-per for man ce-fitn ess paradigm h a s h ad a
huge and enduring impact on how we think about or-
gani sm al biology ( A rnold 1983 ). It m ade a m ajor an-
a lyt ica l cont ribut ion by s ugges t ing p ath ana lysis as a
s tatis tical m eth od f or qua ntifying the impact of mor-
p ho logy on fitness v i a per for mance . It prompt ed (and
con tin ues to prom pt) funct iona l m orph ologists an d
b io mech ani s ts to s tep back and see the bigger picture—
it is tempting to tell just-so stories about how p art ic-
ular m orph olog ica l features must be adap tations, b ut
Arnold’s p aradig m forces us to as ses s wh eth er th ey re-
a l ly are . Muc h of the p aradig m’s st rengt h ar ises from
i ts simplici ty, which makes i t widel y app licab le to many
s tudy sys tems, and its s pecifici ty, which p rovides a p rac-
t ica l guide on what to study, including how the parts re-
lat e . The p aradig m is a lso readi l y modifiab le: Ga rla nd
and Losos (1994) u pdated i t to exp licitl y include behav-
ior, an im portan t property in organi sm al systems. 
D esign t heory h a s produced variou s conceptual

m ode ls to set forth s ta ges of the design p rocess, o f-
ten with explicit r efer ence t o it eration for refining ideas
or desig ns. Gero’s funct ion-behavior-st ructure (FBS)
m ode l an d su bsequent m odificatio ns p rovide o ne such
fram ewor k ( Gero 1990 ; Gero and Kannengiesser 2004 ;
Verm aa s and Dorst 2007 ; Ga l le 2009 ). In this m ode l, a
designer st arts wit h t he desired f unctio n fo r their de-
sig ne d art ifact. Be cause a dire ct leap betwe en funct ion
a nd structure ca n ra rely be ac hieved , th e design er th en
u ses beh avior a s an in termedia te step: they determine
wh at beh avio rs would co ntribu t e t o ac hieving the de-
sire d funct ion, and wh at beh avio rs resul t fro m a candi-
dat e structure . To i l lust rate using th e win dow example
fr om Ger o’s orig ina l p aper, a desig ner might st art wit h
a list o f functio ns that includes prov iding d ay lig ht and
cont rol ling n oise. Re levant be hav ior vari ables include
light flux transmi tted and sound re duct ion index. St ruc-
tura l considerat ions fol low from the list of behaviors,
an d might in clude glaze- an d fram e-re l ated vari ables. A
p rocess o f fo rm ula tion, syn thesi s, an alysi s, eval uatio n,
documen ta tion, a nd ref orm ula tion even tually results in
a design pro to type. 
Several au tho rs have p res ented frame works specific

to b io insp iratio n and b io mimicry, which co mmo nly
fa l l into prob lem-dri ven or so lution-dri ven cog nit ive
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Fig. 1 Main framework. Sub-organismal or sub-device traits, 
including morphology (physical form) and physiology (processes of 
low er-lev el systems) contribute to functional outcomes. Behavior 
(what the organism or device does) can change the relationship 
between sub-organismal traits and functional outcomes, but on the 
flip side, the range of possible behaviors may be constrained by 
sub-organismal traits. Finally, environment can directly influence 
functional outcomes, or it can have indirect influence via effects on 
behavior, which the organism or device can change in response to 
sensory feedback about the environment. 
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t rateg ies ( Kruger and Cross 2006 ; Helms et al. 2009 ).
hese r efer ence biology as a source of inspiration, but
o not often provide explicit inst ruct ion for engag ing
i th b iolog ists. Genera l ly lac klust er en gag ement with
nd from biologists means that eng ine ers usua l ly are not
 aking f ull advant age of t he potent ia l or ganism s hav e to
ffer ( Sn e ll-Ro o d 2016 ; Graeff et a l. 2019 ; Ng et a l. 2021 ;
enic k et al . 2022 ; S n e ll-Ro o d an d Smirn off 2023 ). On
 he flip side, bar r iers to cross-di sciplin ary en gag ement
ean b iologists o ften are not g ettin g inpu t fro m engi-
 eers an d scientists in oth er disciplin es that could sub-
tant ia l l y ad vance our understanding of biology. 

 new conceptual framework 

he main framework 

 con ceptual fram ewor k uniting big-picture topics can
 ro mpt researc her s t o think about the broader context
 f their wo rk while also sparking interdi sciplin ary con-
 ersation s. Her e, I pr esent such a fram ewor k, drawing
ro m p revious wo rk to synt hesize ide as likely to matter
cross disciplines ( Fig. 1 ). 
Functio n p rovides a cent ra l concep t aro und whic h t o

ather b iologists fro m different sub fields whose ques-
 ions re quire an integ rat ive appro ach, as wel l as sci-
nt ists and eng ine er s int erest ed in b io mimicry o r b io-
nspire d desig n ( Sn e ll-Ro o d an d Smirn off 2023 ). Al-
hough we a l l care about funct io n in so me fo rm o r an-
t her, t he ter m ca n have different mea nings across fields
nd within them, potent ia l ly impe ding communicat ion.
io logists and p hilosop hers of evo l u tio nary b iology
ave form ula ted various defini tio ns o f functio n, which
 ay or m ay n ot in cl ude cri teri a rel at ed t o evol u tio n-
r y histor y ( Amun dson an d Lauder 1994 ). Fun ction in
ng ine ering h a s s e veral differ ent but r e lated m eanings,
hich a l l “ar ise from t he ide a of a mac hine , syst em or
 person doi n g so mething o r having a p roperty th at i s
ntend ed or d esired by so meo ne” ( Ch andra seka ra n a nd
os ephs on 2000 ). The field of design m eth odology had
t ruggle d with the co ncept o f functio n fo r decades, lead-
ng to a variety o f defini tio ns ( Umeda et al. 1990 , 1996 ;
erm aa s and Dorst 2007 ). Moreover, an indiv idu al may
ot exp licitl y emp loy a w orkin g defini tio n o f functio n,
 o the y m ay u se t he ter m inconsistent ly. Different itera-
io ns o f Gero’s functio n-behavio r-st ructure model use d
ifferent defini tio ns o f functio n ov er the y ears, some-
 imes dist in guishin g function f rom pur pos e and s ome-
imes blur r ing t h e lin e between th em ( Verm aa s and
orst 2007 ). Because or ganism s are not desig ne d, they
o not have a purpos e. Howe ver, we might think of sur-
ival and r epr oduction in place of purpose, since only
y survival and r epr oduction of en ough in div idu als c an
 sp ecies p ersist. We might then think o f functio n as
t he t hing t he o rganism o r device acco mplis h es” to ul-
imately aid survival and r epr oduction (in the case of
r ganism s) or to achieve a desired purpose (in the case
f desig ne d dev ices or systems). A lthough I w i l l u se thi s
s my w orkin g definition of function for the purposes of
his paper, I do not mean to exclude other definitions.
nde e d, r esear ch ers an d design ers s h ould use th e defi-
i tio n bes t s uit ed t o a g iven situat ion, in cluding wh en
sing th e fram ewor k presented h ere . In any case , it im-
 roves clari ty o f th ought an d comm unica tion to ensure
hat o ne’s wo rking defini tio n is explici t to o n ese lf an d to
 ne’s collabo rato rs. 
W hen co n siderin g a whole-or ganism functio n o r the

unctio n o f en gineered system s, it h e l ps to begin wi th
he low er-lev el traits th at en able the fun ction. Th ese
rai ts incl ude things like mo rp ho logy (p hysical form,
tructure) and p hysio logy (p rocesses o f sub-o rgani sm al
yst ems). Not e that we often define p hysio logy as “func-
io ns” o f o r ganism s, but the k ey differ ence fr om my
se of “function” in the present fram ewor k is the sub-
rgani sm al level of p hysio logy. If a system ne e ds to
chieve the function of moving quickly through wa-
er, th e m orph ology that best serves that function in-
o l ves a f usifor m b o dy shap e, whether in do lp hins,
cht hyos aurs, s har ks, or su bmarin es ( Fis h 2006 , 2023 ).
o give a physiolog ica l example where an organism
ust achieve the funct iona l outcome of prev entin g hy-
ot her mia, countercur rent ex chan g e lets birds stand di-
ectly on ice without suffering a drop in their core b o dy
em pera ture thanks to reg iona l h eteroth ermy ( Mit c h e ll
nd Myers 1968 ). Counter curr ent ex chan g e has simi-
ar ut i lity in cooling t ower s, and it can also be used in
oth organi sm a l and eng ine ere d syst ems t o ma inta in
eg iona l differences in chemical concen tra tions ra ther
han tem pera ture. Morp ho logy translates directly from
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biology to design as structure ( Gero 1990 ; Gero and
Kannengiesser 2004 ; Verm aa s and Dorst 2007 ; Ga l le
2009 ; Na gel 2014 ). P hysiology might not be as directly
tran slata ble as morp ho logy, but desig ne d systems cer-
ta inly have a na logous t raits (e .g., mot o r p roperties). We
can also consider bioc hemical , mat erial , bulk, and sur-
face properties among lower-level traits. 

Although low er-lev el t raits li ke m orph ology an d
p hysio logy provide a starting point for un derstan ding
functio n, o r ganism s’ behavio ral cho ices can lead to very
different funct iona l ou tco mes fro m expe ctat ions b ase d
on low er-lev el t raits a lon e. Gar lan d an d Losos (1994)
noted a similar role for behavior in the morp ho logy-
per for man ce-fitn ess paradigm. Natur e pr ovides many
examples where behavio r al t er s for m-f unct ion relat ion-
shi ps in so metimes surp ri sing ways. Th anks to their sin-
uous b o d y p la n, snak es ca n easily navigate confin ed an d
cl u ttere d sp aces, li ke underg ro und b urrow systems or
den se tan gles o f b ran ch es ( Tingle et al. 2024 ). Th eir
e longate s hape seems less suited to functions like fly-
ing or flo at ing. Yet, some sna kes hav e ev o l ved behaviors
t hat let t hem achieve bot h of t hes e s e emingly un li kely
feats ( Socha 2002 ; Herault et al. 2020 ). Similar ly, be hav-
io ral flexib ili ty means o rga nisms a re n ot complete ly be-
h olden to th eir p hysio logy. Sidewinder rattlesnakes in-
hab i t deserts known for bruta l ly high summer temper-
atures, so one would expect them to have p hysio logical
ada pta tio ns to wi t hst and t he he at. How ev er, this species
is not p art icu lar ly h ea t toleran t and, in fact, t olerat es
low tem pera tures surprisin gly w ell, at least for a rept i le
( Cowles and Bogert 1944 ; Moore 1978 ; Secor and Nagy
1994 ). In stead of adaptin g their p hysio logy, they r etr eat
into cool burrows for prote ct ion when tem pera tures
rise. As a resu lt, desig n ers wh o look to sidewinders for
insp iratio n o n dealing wi th heat wi l l li ke ly fin d th em-
se lves mis led . Inst ead , they might be better served by
looking to species that cannot hide from the heat, like
t he s agu aro c ac tus, w hich inspired th e se lf-s hading ex-
terior structure of the building that houses Arizona
Stat e Univer si ty’s Wal to n Center fo r Pla neta ry He alt h
( Se ckel 2022 ). Whi le behav ior c an alter th e re lation-
s hips between su b-organi sm a l t raits an d fun ction, su b-
organi sm a l t raits can a lso const rain behavior: even if
they want ed t o, pigs simp l y do not have th e m orph o-
log ica l or p hysio log ica l cap acity to fly. 

Be havior, like fun ction, can h ave m any defini tio ns.
In this paper’s organi sm a l examples, a definit ion of-
ten used in bio logy app lies: the response of an organ-
ism to some input or st imu lus, w hich mig ht be con-
scious o r unco n scious ( Diog o 2017 ). Be havioral ch oices
arise in cases where a n orga nism has mu lt iple behav-
ioral o p tio ns pl us th e agen cy t o pic k one over others
( Diogo 2017 ). As an emergent p roperty o f au to no mous
(and o ften co mplex) o r ganism s, behav ior c an have a
deg re e of unpre dictabi lity that excites biologists while
v exin g en g ine ers ( Vincent et a l. 2006 ; Diogo 2017 ).
In contrast, the funct ion-st ructure-be havior m ode l de-
fin es be havio r in terms o f the “physical disposi tio ns o f
the artefact,” or th e “th e attri butes that are derived or
expe cte d to be derived from the structure variables of
the obj e ct,” quite differ ent fr o m most b iologi sts’ u sage
of the term ( Gero 1990 ; Gero and Kannengiesser 2004 ;
Verm aa s and Dorst 2007 ; Ga l le 2009 ). Although s e v-
era l addit iona l definit ions of behavior appear in the en-
g ine ering and desig n literature ( C h andra seka ra n a nd
Jos ephs on 2000 ), most of them are imbued with greater
p redictab ili ty than the concept of organi sm al beh avior
in biology. We might use “what the thing does” as an im-
plici t o r explici t wo rking defini tio n o f behavio r, a simple
a nd a mbiguo us eno ugh defini tio n to app l y in many cir-
cumst ances. As wit h f unctio n, different defini tio ns may
suit different workers and/or situa tions. Tha t is okay, so
long as one is clear about one’s mea ning. Ca reful con-
sideratio n o f different possible defini tio ns may be h e lp-
ful fo r wo rk that crosses b iolog ica l su bfie lds, an d even
mo re so fo r wo rk that b r idges t he gap between biol-
ogy and design. An organi sm’s beh avior in the s ens e of
“what it does” might translate directly to b io insp ired
robo ts, b ut c leverer int erp retatio n (perhaps invo l ving
re conci liat ion betwe en various eng ine ering and biolog-
ica l definit ions of behavior) might be r equir ed to make
t he le ap fro m o r ganism s to other b io insp ire d desig n ap-
plications. 
Th e environm en t can in teract wi th o rgani sm a l t raits

to impact funct iona l outcom es. Environm enta l effe cts
might be direct, a s m ay often be the case for locomo-
t ion. Sna kes on fir m, rough sur faces can slide g racefu l ly
f orwa rd by undu lat ing their b o dies from side to side,
pushing o ff o f obj e cts in the environment, and mak-
in g g o o d use of their vent ra l sca les’ frict iona l anisot ropy
( Jayne 1986 ; Hu et al. 2009 ; Hu an d Sh e lle y 2012 ; Ries er
et al. 2021 ). How ev er, m any sn a kes st rug gle to slit her on
sa nd a nd other def or mable sur faces, where s tout s pecies
ar e pr on e to s lipping; th e st out est fail miserab l y, push-
ing t he s and from side to side without making any for-
war d pr ogr ess ( Marvi et al . 2014 ; Sc hiebel et al . 2020 ).
Sam e be havior, different su bstrat e , different funct iona l
ou tco me (o r lack thereo f). On t he ot h er han d, th e en-
v ironment c a n have indirect effec ts on func t iona l out-
com es wh en a n orga ni sm u s es s ens o ry info rmatio n
t o alt er i ts behavio r in light o f enviro nmental co ndi-
tio ns. W hen faced wi t h s an d, som e sna ke spe cies swit c h
th eir locom ot ion from latera l undu lat ion to sidewind-
ing, a l lowing them to make excellent f orwa r d pr ogr ess
on this cha l leng ing s ubs trate ( Ga ns a n d Men de lssohn
1971 ; Jayne 1986 ; Tingle 2020 ). Behavioral al teratio ns in
light of environmental conditions can also include rel-
ati vel y small adjustments. To stick with the sidewind-
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ng exa mple, snak es ca n mak e kinematic cha n g es to
h e sidewin ding m otio n to imp rove loco moto r perfo r-
an ce wh en ascen ding s lopes, which pr esent differ ent
ha l len g es from flat s andy sur faces ( Marvi et al. 2014 ).
hese exa mples f ocu s on m acro-level (vi sible wit h t he
a ke d eye) effe cts of the env ironment, w ith implic ations
or robotics. The environment can also impact func-
ion at different scales, and with im plica tio ns fo r b io in-
pire d desig n a pplica tions ot her t han robotics. For ex-
m ple, wa ter salinity im pacts sea urchin adhesive per-
 orma nce, presumab l y due to the effects o f al tered io n
oncen tra tio ns o n chemical (as o p pose d to me chanica l)
nteractions ( Moura et al. 2023 ; Garner et al. 2024 ). By
xamining direct an d in dir ect envir onmental effects on
unct iona l outcomes at a wide ran g e o f b iolog ica l sca les,
e can not only improve our un derstan ding of biology
e.g ., vari ation in habitat use or ener g et ic re quirements),
ut also the perf orma nce a nd flexib ili ty o f b io insp ired
esign a pplica tions. 

dding to the main framework 

it h t he ma in fra m ewor k in pl ace, we c an build u po n
t to reach a more profound understanding of our study
ystems, wh eth er we ca re prima rily about the biology or
 bout usin g the b iology to info rm desig n. To i l lust rat e ,
he or ganism-lev el focus of the main fram ewor k can
e lin ke d to e cology be ca use differen t funct iona l out-
omes in different environments likely influence habi-
at use and disper sal , whic h matt er not just to the indi-
 idu al or ganism s but also for community assemb l y and
vol u tio nary ecology ( Fig. 2 A). We could also modify
h e fram ewor k to m o re explici tly co nsider the role o f
h e n ervous syst em, whic h can h ave m a jor im plica tions
o r behavio r, s ens ory systems, an d num erou s a spects of
 hysio logy ( Fig. 2 B). 
Livin g system s come a bo ut no t by design, b ut by

 rocesses o f develop ment and evol u tio n ( Fig. 2 C and
). Biologi sts, perh aps espe cia l ly th ose wh o do n ot
pe cia lize in evol u tio nary develop mental b iology, can
ore deep l y un derstan d our system s by con siderin g the
oles of these processes. Far from irrelevant from engi-
eer ing, t he import ance o f develop ment and evol u tio n
 h ould remain clearly in the minds of bioinspired de-
ign ers an d anyon e wh o see ks to use eng ine ering tools
o s h ed light on biolog ica l systems ( Fla mma ng 2022 ).
e cause biolog ica l systems are genera l ly subj e ct to de-
e lopm ental an d evol u tio nary co nstrain ts tha t n eed n ot
pp l y to eng ine ering desig n, a lack of awareness about
hes e process es can lead b io insp ire d desig ners ast ray. 
We have so far considered only on e fun ction at a

ime. Yet, or ganism s m ust adequa tely accom plish a suite
f tasks to survive and r epr oduce. As a r esult, many
rgani sm a l t raits evo l ve in the face o f functio nal co n-
icts, a type of trade-off that arises when high perfor-
ance at one task comes at the expense of another

 Wa l ker 2007 ; Berg mann and McElroy 2014 ; Gar lan d
t a l. 2022 ). Funct iona l conflicts can r esult fr om me-
hanic al l aws. F or exam ple , lever syst ems—co mmo n
n vert ebrat e musculos ke letal systems and in eng ine er-
ng design—can be arran g ed to maximize fo rce, bu t
nly at the expense of ve locity, an d vice vers a. Turt le
 h e ll s h apes can m aximize either hydrodyn amic per-
 orma nce or strength to resist p redato rs’ jaws, not both
 Stayton 2011 ; Po ll y et al. 2016 ). Functio nal co nflicts
an a lso resu l t fro m p hysio logy, a s in the ca se of mu scle
b er typ e comp osition and its interaction with muscle
rc hit ecture in me diat ing t rade-o ffs amo n g pow er and
ner g et ic efficiency ( Hi l l 1950 ; Pette a nd Spa mer 1986 ;
chaeffer a n d Lin dstedt 2013 ; Co op er et al. 2021 ). In
ases where a trait or n etwor k of traits contributes to
 suite of functions, it likely r epr esents a compromise,
e et ing s e veral dem and s adequa tely ra t her t han a sin-
le demand o p t ima l ly ( Fig. 2 E). 
Even in the absence of trade-offs between functions,

 trai t’s co ntribu tio n to mul ti ple functio n s mean s that
ot a l l o f i ts features co ntribu t e t o every functio n. Fo r
nsta nce, snak e skin ca n pos ses s fe atures to facilit ate lo-
o motio n ( Hazel et al. 1999 ; Berthé et al. 2009 ; Rieser
t a l. 2021 ), a l low renewa l v i a s h edding ( Lan dmann
979 ; Irish et al. 1988 ; Tu et al. 2002 ), s h ed dirt ( Gans
 nd Ba ic 1977 ; Go wer 2003 ), pro vide waterp roo fing
 Chiasson and Lowe 1989 ; Spinner et al. 2014 ), har-
es t water ( P h adni s et al. 2019 ; McInt y re et al. 2025 ),
 ro m ote m echan osen sation ( Crow e-Riddell et al. 2016 ,
019 , 2021 ), accommod ate l ar g e meals v i a stret c hing
 Jayne 1988 ; Rivera et a l. 2005 ; Del linger et a l. 2023 ;
et er sen et al. 2024 ), or alter color for c amouflage or
 her mo regulato ry functio n ( Co op er Jr. and G reenber g
992 ; Tanaka 2007 ; Spinner et al. 2013 , 2014 ). As a re-
u lt, a sna ke’s in tegumen t h a s a comp lex co l le ct ion of
eatures, o nly so me o f whic h may be relevant t o a par-
 icu lar funct io n o f interest. It may ther efor e be useful to
o nsider the p res ent frame work in the co ntext o f mul ti-
unct iona lit y, improv ing our un derstan ding of th e sys-
em even in cases where we wish to focus o n o ne p art ic-
 lar funct io n o f many. 
Beyon d fun ct iona l conflict, other types of trade-offs
 ay al so app l y. The “eco logic al circumstances” c ate-
o ry o f trade-o ffs re vie wed by Ga rla nd et al. (2022) em-
h a sizes context depen den ce, a l low ing its rel ation to
h e present fram ewor k v i a env ironm ent an d be havior
 Fig. 2 F). F or exam ple, an anim al m ay face a trade-off
h ereby in creasing i ts fo raging effo rt gives i t mo re en-
rgy, b ut po tent ia l ly at the cost of increased pre dat ion
isk. How ev er, the b a lance of the t rade-off wi l l depend
n the concen tra tio n o f p redato rs and o n t heir per for-
ance ab ili ties un der th e pres ent s et o f enviro nmen-
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Fig. 2 Modifications to the framework. We can modify the main framework as needed to enhance the main framework. Examples shown 
here include (A) connection to higher levels of organization via functional effects on ecology; (B) influence of the nervous system on 
several components of the main framework; (C) the role of dev elopment/ontogen y in producing organismal phenotypes, including the 
potential influence of the environment (in addition to genes) on developmental processes; (D) the role of adaptive evolution in modifying 
organismal phenotypes (but note that traits also ev olv e with respect to non-adaptive processes); (E) potential for functional conflicts (a 
type of trade-off), and (F) potential for context-dependent trade-offs, whereby the risk or cost of a behavior depends on the environment. 
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al co ndi tio ns, h en ce th e context depen den ce. Context-
epen dent trade-offs, in cluding a l locat ion const raints,
 ay al so m atter for eng ine ere d systems. As wi th o rgan-

 sms, increa se d t ime or effort a l locate d towards a given
ask might help the system achieve a given functio n, bu t
otent ia l ly at some ri sk, such a s incur r in g damag e or
unning out of fue l. Th e ris k may be increased or di-
inis h ed in different environments. 

 note of caution 

his fram ewor k’s o rganizatio n o f trai ts aroun d fun ction
ay introduce a t emptation t o imagine all organi sm al

ea tures as ada ptive. One m u st resi st suc h t em pta tion.
vol u tio n resul ts not o nly fro m natura l sele ct io n, bu t
lso fro m no n-adaptive mech ani sm s like g enetic dr if t (a
ando m p rocess), mu tatio n (an oth er ran do m p rocess),
n d gen e flow b etween p o p u lat ions (w hich can ac tua l ly
 hwart adapt at ion to loca l co ndi tio ns). No n-adaptive
ech ani sms of evol u tio n, co mb ined wi th phylogenetic

n ertia an d deve lopm enta l const ra int, mea n th at m any
rgani sm al features are no t adap t ive, and a l so th at sub-
 p t ima li ty o f a trai t fo r a functio n i t serves can resul t
rom many ph en om ena oth er than fun ct iona l t rade-
ffs ( Gould and Lewont in 1979 ). Fai lur e to r emember
his point can lead to misguided in terpreta tions of bi-
log ica l ph en om ena, an d in th e co ntext o f b io insp ired
esign, it c an c ause designer s t o wast e time on false
eads. 

onclusion 

he present framework can help indiv idu a l scient ists
onsider aspects of organi sm al biology beyond our im-
ediate fo cus, op ening the do or t o int eresting and po-

ent ia l ly influent ia l integ rat ive r esear ch questions. In
he context of bioinspired design, the framework can
ig hlig h t im portan t biolog ica l t opics t o co nsider d ur-
ng the design process, so that eng ine ers wi l l more
e adily t hink to a sk biologi s t collea gues about those
opics ( Bo x 1 ). I n addi tio n to aspects o f b iology that
ou ld usefu l ly fact or int o design, conver satio ns wi th
iolog ists b ase d on the framework ca n mak e design-
rs mor e awar e o f aspects o f b iology that do not fac-
 or int o design, but that s h ou ld be considere d to avoid
otent ia l p i t fa l l s. As previou sly di scu ssed, organi sm al
ra its a re s haped n ot only by fun ct iona l ne e ds, but a lso
y deve lopm enta l const ra ints a nd evol u tio n ary hi story.
o reover, o rgani sm a l t raits are often not fixed, man-

f esting a n ab ili ty t o c han g e in respon se to environ-
 ental con ditions, a ph en om en on ca l le d ph en otypic
l asticit y ( West-E ber ha rd 1989 ). Orga nisms also face
 rade-offs relate d to ph en om en a th a t are not a pplica-
le to eng ine ere d devices, in cluding s hared bioch emical
a thways, an ta gonis t ic pleiot ropy, and sexua l sele ct ion
 Ga rla nd et al. 2022 ). A rea son able un derstan ding of
hese aspects of biology wi l l h e lp design ers m ore effec-
i vel y sort the organi sm al features useful to them from
 hose t hat are not, a l lowing them to r epr oduce (pr ob-
b l y with modification) the most essent ia l organi sm al
eatures. 

Box 1. Co nversatio n p ro mpts 

Eng ine ers conne ct ing with biologists 
Use the framework to ask ques tions, s t arting wit h 

eit her a f unction you ne e d t o ac hieve (problem- 
driven) o r so me co mpelling o rgani sm a l t rai t o r b io- 
log ica l ph en om en on (so lution-dri v en). Some thin gs 
to consider asking about: 
� E colog ica l context 
� Trade-offs 

� From me chanica l laws 
� From b a lancing mu lt iple funct ions 

� B iodiv ersi ty o f o r ganism s w ith simil a r tra its 
an d/or fun ctions 

� Evol u tio n ary hi story 
� Deve lopm enta l const raint 
� Non-adaptiv e ev ol u tio n 

Biologists conne ct ing with eng ine ers 
Pit c h your cool biolog ica l ph en om en on in un der 

two minutes. Ask: 
� Do you think it might be useful to design? 
� What s h ou ld biolog i sts mea sure t o facilitat e de- 
sign a pplica tions? 

� Can you think of t ec hniques from your field that 
might h e lp m e un derstan d it? 

Biologists conne ct ing with biologists in an oth er 
su bfie ld, physicists, chemists, m athem aticians, etc. 

Use the framework to start with something you 
observed (m orph ology, be hav ior, env ironm ent, fun c- 
tion, etc.) Ask: 
� Do you have ideas for what that might have to do 
wit h ot her t hings in t h e fram ewor k? 

� Can you think of t ec hniques from your (su b-)fie ld 
tha t migh t h e lp m e un derstan d it? 

Wading into biology’s vast complexity, one can
uickly get bogged down. Scientists and engineers alike
igh t view com plexity as an im pedimen t to circumven t
 r cu t through. How ev er, i t may so m etim es be h oove us
o sit lon g er wit h t he complexity of biolog ica l systems
efore deciding on the best approach for simplifying
ur r esear ch o r design p rocesses. The co nceptual frame-
o rk p r esented her e can help us map the o ften-co mplex
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p athways among t raits an d em er g ent ph en om ena, u lt i-
m ately guiding u s to a deeper un derstan ding o f o rgan-
i sm a l funct ion. 
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