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Abs t rac t 

A cas e stud y i s describe d whic h document s th e 
generatio n o f  a  ne w hypothesi s i n th e for m o f  a 
visualizabl e model .  I t  i s  argue d tha t  severa l  o f 
th e processe s use d wer e neithe r  deductio n no r 
inductio n b y enumeration .  Rather ,  a  ne w 
explanator y mode l  wa s invente d vi a a  successiv e 
refinemen t  proces s o f  hypothesi s generation , 
evaluation ,  an d modification ,  startin g fro m a n 
initia l  roug h analogy .  N e w prediction s emerge d 
when th e subjec t  "ran "  th e model .  Thu s i t 
appear s t o b e possibl e t o investigat e th e nrx>de l 
constructio n processe s o f  expert s throug h 
thinkin g alou d protocols . 

P r e v i o u s W o r k o n th e R o l e o f 

A n a l o g i e s a n d E x p l a n a t o r y 

M o d e l s I n H y p o t h e s e s F o r m a t i o n 

Role of Explanatory Models in Science 

The work of Campbell (1920), Harre (1961) and 
other s suggest s tha t  empirica l  generalization s 
ar e no t  th e onl y for m o f  hypothesi s formatk> n i n 
science .  The y se e a  distinctio n betwee n a n 
empirica l  la w hypothesi s summarizin g a n 
observe d regularit y an d wha t  I  wil l  cal l  a n 
explanator y mode l  hypothesis .  The y argu e tha t 
scientist s ofte n thin k i n term s o f  theoretica l 
explanator y models ,  suc h a s molecules ,  waves , 
an d fields ,  whic h ar e a  separat e kin d o f 
hypothesi s fro m empirica l  laws .  Suc h nxxJel s ar e 
not  simpl y condense d summarie s o f  empirica l 
observations .  Rather ,  the y ar e invention s tha t 
contribut e ne w theoretica l  term s an d image s 

whic h becom e par t  o f  th e scientist' s  vie w o f  th e 
worid ,  an d whic h ar e no t  "given "  i n th e data .  Thi s 
means tha t  ther e ar e a t  leas t  fou r  level s o f 
knowledg e use d i n science :  (1 )  Observations ; 
(2 )  Empirica l  la w hypothese s (mathematica l  o r 
verba l  description s o f  pattern s i n observations) ; 
(3 )  Explanator y mode l  hypotheses ;  an d (4 ) 
Formal  principles .  Campbell' s  oft-cite d exampl e 
i s tha t  merel y bein g abl e t o mak e prediction s 
fro m th e empirica l  ga s la w statin g tha t  P V i s 
proportiona l  t o RT ,  i s no t  equivalen t  t o 
understandin g th e explanatio n fo r  ga s behavio r 
i n term s o f  a n imageabl e nrxxle l  o f  billiard-ball-lik e 
molecule s i n motion .  Th e explanator y mode l 
provide s a  descriptio n o f  a  hidde n proces s 
whic h explain s ho w th e ga s work s an d answer s 
"why "  question s abou t  wher e observabl e 
change s i n temperatur e an d pressur e com e 
from .  I n thi s view ,  a  qualitative ,  visualizable . 
explanator y mode l  i s a  majo r  locu s o f  meanin g 
and powe r  fo r  a  scientifi c  theory . 

Role of Analoqy in Generating 
Explanator y Mode l s 

In this paper the term 'induction' will denote a 
proces s b y whic h a  mor e genera l  principl e i s 
abstracte d fro m a  se t  o f  empirica l  observation s a s 
th e source .  Th e abov e author s argu e tha t 
explanator y model s ofte n originat e i n analogie s 
t o ifamilia r  situation s (e.g .  gase s ar e anatogou s t o 
a collectio n o f  collidin g balls )  a s a  non-inductiv e 
source .  Theor y formatio n an d assessmen t 
cycle s usin g anak)gie s hav e bee n discusse d b y 
Holland ,  Holyoak .  Nisbett ,  an d Thagar d (1986) , 
Darde n an d Rad a (1988) ,  an d Falkenhaine r 
(1988) .  However ,  thes e studie s d o no t  ti e thei r 
theoretica l  finding s t o empirica l  think-alou d data . 
as thi s pape r  aim s t o do . 

^Th e researc h reporte d i n thi s stud y wa s 
supporte d b y th e Nationa l  Scienc e Foundatio n 

unde r  Gran t  MDR-8751398 . 
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SPRING mOBLt x 

A mEICh T i s hun C On a  SPRInC . 
REPLACED WIT H A  SPRIN G 

THE QRICINA L SPDIN C I S 

-  HAOE OF Th e SAME KIN D OF WIRE. 
-  uIT H TH E SAME NUMBER OF COILS . 
-  BUT WIT H COIL S THAT ARE TVIC E A S WID E I N 

DIAMETER. 
WILL The spring STRETCH FROM ITS NATURAL LENGTH. 
WORE.  LESS .  OR TH E SAME AMOUNT UNDER TH E SAME WEICNT? 
(ASSUME Tn E MASS OF TH E SPRIN G I S NEGLICIIL E COMJ>AJ)EO 
TO Tn E MASS OF THE WEIGHT) .  WHY D O YOU THIN K SOT 

(I ) (2 ) 

i  STRETCH 
X 

F i g u r e 1 

Thinkin g Alou d Evidenc e o n 

l\1ode l  Constructio n Cycle s Usin g 
Ana log ie s 

Method and Overview of Findings 

Ten professors and advanced graduate 
student s i n technica l  field s wer e recorde d whil e 
solvin g th e sprin g proble m show n i n Fig .  1  ou t 
loud .  The y wer e tol d tha t  th e purpos e o f  th e 
intervie w wa s t o stud y proble m solvin g method s 
and wer e give n instruction s t o solv e th e proble m 
"i n an y wa y yo u can. "  Subject s wer e als o aske d 
t o giv e a n estimat e o f  thei r  confidenc e i n thei r 
answer .  Al l  subject s favore d th e (correct )  answe r 
tha t  th e wid e sprin g woul d stretc h farther ,  bu t 
th e subject s varie d considerabl y i n th e type s o f 
explanation s the y gav e fo r  thei r  prediction . 
Codin g fo r  th e occurrenc e o f  a  spontaneou s 
analog y too k plac e whe n subject s 
spontaneousl y shifte d thei r  attentio n fro m th e 
origina l  proble m t o a  differen t  situatio n (referre d 
t o a s th e analogou s case )  tha t  the y believe d 
migh t  hav e relevan t  structura l  similaritie s t o th e 
origina l  targe t  case .  A  numbe r  o f  subject s use d 
th e analogou s cas e o f  a  horizonta l  bendin g ro d 
(Figur e 2 )  o r  variation s thereof .  Mos t  subject s 
had a  stron g intuitio n tha t  a  longe r  ro d woul d 
bend mor e tha n a  shorte r  ro d unde r  th e sam e 
weight ,  an d thi s suggeste d t o the m tha t  th e 
wide r  sprin g woul d stretc h more .  A  numbe r  o f 

othe r  analogie s attempte d i n thi s proble m ar e 
discusse d i n Clemen t  (1988 )  including :  tw o 
foa m rubbe r  blocks ,  on e wit h larg e an d on e wit h 
smal l  ai r  hole s i n th e foam ,  spring s i n series , 
spring s i n parallel ,  serie s circuits ,  paralle l  circuits , 
and molecule s i n differen t  crystals .  Altogether , 
31 significan t  analogie s wer e observed .  The y 
wer e generate d b y seve n o f  th e te n subjects . 
Thus ,  a  larg e numbe r  o f  spontaneou s analogie s 
wer e generate d fo r  thi s problem . 

A Cas e Stud y o f  Hypothesi s Generatio n 

I will concentrate here on subject S2, who 
appear s t o develop ,  criticize ,  an d modif y a 
number  o f  scientifi c  model s fo r  th e sprin g 
proble m unti l  h e produce s a  ne w hypothesi s i n 
th e for m o f  a n explanator y mode l  fo r  ho w spring s 
work .  I n th e broade r  sens e o f  th e term ,  a 
'scientifi c  model '  (o r  simpl y "model" )  wil l  refe r 
her e t o a  cognitiv e structur e wher e th e subjec t 
believe s tha t  th e mode l  i s structurall y simila r  (i s 
analogou s to )  th e targe t  situatio n an d believe s 
tha t  th e mode l  ca n b e use d t o predic t  o r  accoun t 
fo r  observation s o f  th e targe t  tha t  ar e o f  scientifi c 
interest .  I  wil l  refe r  t o a n explanator y OKKle l  a s a 
specifi c  kin d o f  scientifi c  mode l  wher e materia l 
(non-abstract )  entitie s i n th e mode l  ar e take n 
seriousl y a s candidate s fo r  rea l  entitie s operatin g 
i n th e target . 
S2' s solutio n transcript .  Fo r  th e sprin g 
problem ,  subjec t  S 2 firs t  generate d th e mode l  o f 
comparin g a  lon g horizonta l  bendin g ro d wit h a 
shor t  on e (Fig .  2 )  ( a weigh t  i s attache d t o th e 
end o f  eac h rod )  inferrin g tha t  segment s o f  th e 
wide r  sprin g woul d ben d mor e an d therefor e 
stretc h more .  However ,  h e wa s concerne d 
abou t  th e appropriatenes s o f  thi s mode l 
becaus e o f  th e apparen t  lac k o f  a  matc h 
betwee n seein g bendin g i n th e ro d an d no t 
seein g bendin g i n th e wir e i n a  stretche d spring . 
One ca n visualiz e thi s discrepanc y b y thinkin g o f 
th e increasin g slop e a  bu g woul d experienc e 
walkin g dow n a  bendin g ro d an d th e constan t 
slop e th e bu g woul d experienc e walkin g dow n 
th e heli x o f  a  stretche d spring .  Thi s discrepanc y 
le d hi m t o questio n whethe r  th e bendin g ro d 

Jr . 

Figur e 2 Figur e 3 

f 

Figur e 4 
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w a s a n appropriat e m o d e l  fo r  th e spring .  H e 
the n constructe d th e ana logou s cas e o f  th e "zig -
z a g spring "  s h o w n i n Figur e 3 .  apparentl y t o 
attemp t  t o evaluat e th e analog y relatio n be twee n 
th e sprin g a n d th e bendin g ro d an d to  attemp t  t o 
construc t  a n improve d nrjodel . 

23 S2: A zig-zag spring rather than a coiled 
spring ;  tha t  strike s m e a s a n interestin g ide a 
(d raw s Figur e 3 )  Bu t  th e springines s o f 
t h e .  rea l  spr in g i s a  distribute d 
springiness;. .  So... I  w o n d e r  i f  I  c a n m a k e 
th e [zig-zag ]  spring..wher e th e action. ,  isn' t 
at  th e angles.it' s  distribute d alon g th e 
length.. .  I- I  h a v e a  visualization.. . 
Here's...(draw s modifie d zig-za g sprin g i n 
Figur e 4 )  a  bendabl e bar ,  a n d the n w e hav e 
a rigi d connector.. .  A n d w h e n w e d o thi s 
w h a t  bends...i s th e bendab l e bars...an d 
tha t  w o u l d b e h a v e lik e a  spring .  I  c a n 
imagin e tha t  i t  would . 

There is evidence here that the subject is 
generatin g a  serie s o f  ana logu e m o d e l s fo r  th e 
spring-fro m th e ro d to  th e angula r  zig-za g sprin g 
t o th e rectangula r  zig-za g sprin g wit h stif f  joints . 
Eventuall y th e zig-za g sprin g i s  d ropped , 
p resumab l y b e c a u s e h e w a s stil l  critica l  o f  thi s 
m o d el  a n d coul d no t  reconcil e th e bendin g 
goin g o n i n section s o f  th e zig-za g sprin g wit h 
th e lac k o f  c h a n g e i n slop e i n th e origina l  helica l 
spring .  Nevertheless ,  thes e attempt s provid e 
inKia l  evidenc e fo r  tw o passe s throug h a  cycl e o f 
nrKxle l  construction ,  criticism ,  a n d modification , 
a s s h o w n i n th e uppe r  fiv e b o x e s o f  Figur e 5 . 
Insigh t  sect ion .  I n th e excerpt s below ,  thi s 
subjec t  p roduce s a n extremel y productiv e serie s 
of  nrxxJel s w h e n h e generate s th e ide a o f  th e 

Q 

Figur e 6 

/ 
^ 

3 
1 

1 

/ 

V 

Figur e 7 

(A) Moke inilio l 
observoiion t 

(B l  Aciivoi e postibl e 
onologie i  on d relo -
IK )  tnCKlt l  ttemtnt i 

hexagonall y shape d coi l  i n Figur e 6  a n d m o v e s 
fro m ther e t o th e ide a o f  th e squar e shape d coi l 
i n Figur e 7 .  Imaginin g th e stretchin g o f  thes e 
polygona l  coil s apparentl y al lowe d h i m t o 
recogniz e tha t  s o m e o f  th e restorin g force s i n 
th e sprin g c o m e fro m twistin g i n th e wir e instea d 
of  bending -  a  majo r  breakthroug h i n th e solutio n 
wh ic h co r respond s t o th e w a y i n whic h 
engineerin g specialist s vie w springs .  A m o n g 
th e solution s collecte d fo r  thi s problem ,  th e nfx>s t 
impressiv e a c h i e v e m e n t  occur s w h e n th e 
subjec t  d o e s no t  k n o w abou t  th e invisibl e 
twistin g i n th e wire ,  bu t  i s  s o m e h o w abl e t o 
construc t  tha t  hypothesis .  S 2 achieve s thi s 
insigh t  i n th e nex t  sectio n to  b e discussed .  Not e 
tha t  hi s  squar e sprin g m o d e l  c a n i n tur n b e 
understoo d i n term s o f  tw o simple r  cases ,  th e 
twistin g ro d a n d th e bendin g rod .  Tha t  is ,  pullin g 
th e en d o f  th e leve r  "1 "  d o w n i n Figur e 7  no t 
onl y b e n d s ro d 1 ,  bu t  i t  als o twist s ro d 2 . 
T o r s i o n insiglit . 
12 1 S :  N o w that' s interesting .  Jus t  lookin g a t 

thi s i t  occur s t o m e tha t  w h e n forc e i s 
applie d here ,  yo u no t  onl y ge t  a  ben d o n thi s 
segment ,  bu t  b e c a u s e there' s a  pivo t  here , 
yo u ge t  a  torsio n effect.. . 

(E )  Rejec i  Of  modir y 
model 

(C )  Consiiuc i  iniiio i 
model 

( 0 )  Holiono l  (  non-em -
piricol )  evoluoito n 
( e 9  lo r  coosislency ) 
For i Poss 

( D Consiiuc i  on d per -
lor m empiiico l  lesl s 
Foi l 

Zl~ 
Pmi 

122 S :  Aha !  Mayb e th e behavio r  o f  th e sprin g 

has somethin g t o d o wit h twis t  (move s 
hand s a s  i f  twistin g a n object )  force s a s wel l 
as ben d force s (move s hand s a s i f  bendin g 
an object) .  That' s a  rea l  interestin g idea. . 

(One way to comprehend this idea is to view rod 
1 a s a  wrenc h tha t  i s twistin g ro d 2. )  Th e sam e i s 
tru e fo r  al l  othe r  adjacen t  ro d pairs .  Thus , 
twistin g i s a n importan t  typ e o f  deformatk> n i n th e 
sprin g wir e i n thi s model .  Thi s als o resolve s hi s 
origina l  proble m o f  no t  findin g cumulativ e 
bendin g i n th e sprin g coil . 

Figur e 5 
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D I S C U S S I O N 

Thus by starting from a rough analogy (the 
bendin g rod) ,  S2' s centra l  achievemen t  wa s th e 
generatio n o f  a  ne w explanator y model- -  a 
model  o f  hidde n mechanism s (forc e causin g 
twistin g an d torsio n causin g stretchin g i n th e 
spring )  tha t  h e ha d no t  observed .  Thi s 
achievemen t  include s th e identificatio n o f  ne w 
causa l  variable s i n th e syste m (suc h a s torsion ) 
and ne w causa l  chains ,  a s wel l  a s th e 
identificatio n an d explanatio n o f  a  globa l  effec t 
(lac k o f  cumulativ e bending) .  ( A mor e extensiv e 
discussio n o f  explanator y model s an d th e sens e 
i n whic h thi s i s a  scientifi c  insigh t  i s give n i n 
Clement ,  1989) . 

Majo r  Processe s Identifie d 

The following processes are hypothesized in 
orde r  t o explai n pattern s i n th e observation s i n 
thi s transcript . 
(1 )  Nove l  analogu e model s generated . 
The subjec t  generate s a  numbe r  o f  visualizabl e 
analogu e models .  Th e novelt y o f  severa l  o f 
thes e argue s tha t  th e model s ar e constructe d b y 
th e subjec t  rathe r  tha n retrieve d fro m memory . 
(2 )  Mode l  constructio n cycles .  Th e 

protoco l  als o indicate s tha t  th e proces s o f  mode l 
constructio n ca n b e muc h mor e comple x tha n 
formin g a  singl e simpl e analogy .  I n particular ,  th e 
grovirt h i n S2' s idea s appear s t o hav e occurre d 
vi a a  cyclica l  proces s o f  mode l  generation , 
criticis m ,  an d modificatio n (o r  rejection) ,  show n 
i n th e uppe r  fiv e boxe s o f  Figur e 5 .  Th e doubl e 
ende d arrow s a t  th e to p indicat e tha t  th e proces s 
of  generatin g a n initia l  mode l  ca n b e highl y 
interactiv e an d complex .  I t  i s  stil l  poorl y 
understood .  Whe n a  hypothesi s i s evaluate d 
negatively ,  i t  ca n sometime s b e improve d 
throug h modificatio n i n a  serie s o f  successiv e 
refinements ,  instea d o f  bein g completel y 
rejected .  Tabl e 1  summarize s evidenc e fro m th e 
protoco l  tha t  S2' s progres s i s a  resul t  o f  thi s kin d 
of  cyclica l  process .  (Proces s B  i n Tabl e 1  i s als o 
implicate d i n a  rapi d searc h fo r  analogie s suc h a s 
"molecules ,  polyesters ,  an d ca r  [leaf ]  springs "  i n 
anothe r  sectio n o f  th e transcript. )  Thu s i t 
appear s tha t  protoco l  evidenc e ca n b e gathere d 
t o documen t  th e presenc e o f  suc h scientifi c 
reasonin g processe s a s thos e show n i n Fig .  5 . 
Two majo r  type s o f  hypothesi s evaluatio n ar e 
shown,  bu t  empirica l  testin g wa s no t  use d here . 
Rationa l  evaluatio n wa s use d t o suppor t  o r 
disconfir m hypotheses ;  fo r  example ,  bendin g 
was see n a s a n implausibl e mechanis m fo r  th e 
spring .  A  limitatio n o f  th e diagra m tha t  i s no t 

intende d t o b e par t  o f  th e mode l  i s th e orde r  i n 
whic h rationa l  an d empirica l  evaluatio n occur ; 
test s ca n occu r  i n differen t  order s o r  i n differen t 
cycles . 
(3 )  Majo r  mode l  generatio n processe s 
wer e neithe r  Inductiv e no r  deductive . 
W h en S 2 generate s analogu e mode l 
hypotheses ,  the y appea r  no t  t o b e deduce d 
logicall y fro m prio r  principles ;  the y ar e essentiall y 
reasone d conjecture s a s t o wJia t  migh t  b e a 
fruitfu l  representatio n fo r  analyzin g ho w a  sprin g 
coi l  works .  Th e reasonin g involve d doe s no t 
carr y th e certaint y associate d wit h deduction . 
Nor ,  apparently ,  ar e the y buil d u p inductivel y a s 
abstrac t  generalization s fro m obsen/ations .  S 2 i s 
unabl e t o collec t  ne w dat a durin g th e inten/iew , 
and consequentl y hi s reasonin g i s independen t 
of  ne w empirica l  processes .  O n e ca n als o 
conside r  whethe r  h e migh t  b e makin g ne w 
induction s o n perceptua l  memorie s o f  prio r 

observations ,  bu t  h e doe s no t  appea r  t o recal l 
observin g bending ,  twisting ,  zig-zags ,  o r  squar e 
coil s i n springs ,  instea d thes e appea r  t o b e 
newl y imagine d models .  Th e novelt y an d non -
observabilit y  o f  th e squar e coi l  wit h torsio n 
model ,  an d it s evolutio n fro m criticism s o f  th e 
eartie r  horizonta l  ro d mode l  argu e tha t  th e 
hypothesi s generatio n proces s i n thi s cas e wa s 
an imaginativ e constructio n an d criticis m proces s 
rathe r  tha n on e o f  inductio n fro m prio r 
observations .  Empirica l  la w hypothese s whic h 
consis t  onl y o f  a  recognize d regularit y o r 
repeate d patter n i n th e variables ,  suc h a s thos e 
discusse d b y Langle y (1979 )  ma y sometime s b e 
forme d vi a a  mor e data-driven ,  inductiv e 
process .  Thi s i s possibl e o n thos e occasion s 
when on e ha s th e prio r  advantag e o f  possessin g 
th e righ t  variables ,  o r  component s o f  compoun d 
variables ,  t o loo k for .  Bu t  th e model s bein g 
examine d her e wer e apparentl y forme d b y a  les s 
data-drive n an d mor e abductiv e process .  Th e 
proces s bega n b y "plagiarizing "  th e knowledg e 
structur e fro m a n analogou s cas e i n memor y t o 
for m th e starin g poin t  o r  cor e o f  a  ne w model . 
Methodologically ,  th e rol e o f  thi s cas e stud y i s 
lik e a n "existenc e proof "  i n showin g th e 
possibilit y  tha t  non-inductiv e constructio n 
processe s ca n b e ver y importan t  i n th e 
formatio n o f  explanator y mode l  hypotheses . 
(4 )  E m e r g e n t  k n o w l e d g e f ro m 
simulations .  Furthermor e ne w conclusion s 
emerge d fro m hi s "running "  hi s mode l  o f  th e 
squar e coi l  suc h as :  seein g tha t  th e twistin g i n 
eac h segmen t  produce s increment s o f 
stretchin g i n th e sprin g whic h ad d togethe r  (an d 
similarl y fo r  th e bendin g i n eac h segment) ;  an d 
seein g tha t  th e bendin g i n eac h segmen t  wil l  no t 
produc e cumulativ e bendin g (increasin g slop e ) 
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alon g th e stretche d spring .  Apparentl y h e i s 
abl e t o ru n simulation s o f  nove l  case s lik e th e 
squar e coi l  an d obtai n conclusion s fro m suc h 
simulation s tha t  ar e emergen t  i n th e sens e tha t 
ther e ar e unlikel y t o b e explici t  rule s whic h 
generat e thos e conclusions .  Furthernx>r e thes e 
go beyon d inference s abou t  stati c location s i n 
spac e t o includ e th e coordinatio n an d 
summatio n o f  variou s dynami c movement s i n 
space .  Thu s i t  appear s tha t  par t  o f  th e model -
runnin g proces s i s non-deductiv e a s well .  Th e 
natur e o f  thi s typ e o f  dynami c simulatio n proces s 
i s poorl y understoo d an d i s a n importan t  are a fo r 
furthe r  investigation . 

E d u c a t i o n a l  Impl icat ion s 

The expert model construction cycle in Figure 5 
may als o b e usefu l  a s a  descriptio n o f  processe s 
whic h nee d t o tak e plac e i n student s learnin g 
and applyin g scientifi c  models .  I f  thi s  i s correct , 
student s ar e unlikel y t o lea m explanator y model s 
fro m laboratorie s aime d a t  inductiv e reasoning . 
Nor  ar e the y likel y t o lea m the m fro m th e stud y o f 
forma l  quantitativ e principle s alone .  Instead ,  thi s 
stud y underscore s processe s whic h ai d 
abductio n an d refinemen t  a s a n essentia l 
complemen t  t o inductiv e an d logico -
mathematica l  processes .  Fo r  example ,  Clemen t 
(1991 )  argue s tha t  analogie s t)ase d o n physica l 
intuition s ca n b e use d effectivel y a s startin g 
point s fo r  mode l  constructio n i n dealin g wit h 
preconception s i n physics .  I n conclusion ,  th e 
cycl e depkjte d i n Figur e 5  ca n b e documente d i n 
expert s an d nna y prov e usefu l  a s a n higher-leve r 
outlin e o f  relevan t  learnin g processe s fo r 
guidin g educator s i n designin g an d evaluatin g 
instructiona l  activitie s concerne d wit h th e 
leamin g o f  scientifi c  models . 

Tabl e 1 .  Locatio n o f  evidenc e fo r  a  mode l 

constructio n cycl e o f  hypothese s generation , 

criticism ,  an d modificatio n o r  rejection . 

Key G  =  Generate s Hypothesize d Mode l 

C =  Criticize s Mode l 
M =  Modifie s Mode l 
R =  Reconsider s Mode l 
D =  Drop s o r  Reject s Mode l 

Lin e #  an d 

Hypoth9ti(??̂ |  mod^ l 

5)  Horizonta l 
bendin g ro d 

5)  Horizonta l 
bendin g ro d 

23)  Squar e Coi l 
23)  Zig-Zag# 1 

23)  Zig-Za g # 1 

23)  Zig-Za g # 2 
wit h S t  if f  joint s 

25 )  Zig-Za g m o d e l s 
57 )  Ro d Mode l 
87 )  Ro d Mode l 

117 )  Squar e Coi l 
119 )  Hexagona l 

Coi l 
121 )  Hexagona l 

Coi l 

122 )  Hexagona l 
Coi l 

122 )  Squar e Coi l 

Proces s 

G:  Initia l  analog y 

C:  Bendin g i n rod , 
but  no t  i n heli x 

G: 
M:  Modifie s squar e 

t o produc e zig -
za g mode l 

C:  Joint s 
confounde d 

M:  Modifie s zig-za g 
#1 t o produc e 
#2 

[C* ]  Bendin g i n zig -
zag ,  bu t  no t  i n 
heli x 

D:  Drop s model s 
R: 
C:  Bendin g i n ro d 

but  no t  i n heli x 
R: 
M: 

M:  Make s torsio n 
discover y i n 
hexago n 

C:  Hexago n 
geometr y to o 
comple x 

R:  (Lead s t o 
successfu l 
predictio n o f 
restorin g force s 
withou t 
cumulativ e 
bendin g i n 
sprin g wire ) 

*  Inferre d i n absenc e o f  direc t  evidenc e i n 
protoco l 
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