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Abstrac t 

Complex systems are commonly found in natural and 
physica l  science .  Understandin g suc h system s i s 
ofte n difficul t  becaus e the y ma y b e viewe d fro m 
multipl e perspective s an d thei r  analysi s ma y conflic t 
wit h o r  exten d beyon d th e rang e o f  everyda y 
experience .  Ther e ar e man y comple x structural , 
behavioral ,  an d functiona l  (SBF O relationship s t o 
understan d a s well .  Desig n activities ,  whic h allo w 
exploratio n o f  th e wa y a  syste m work s an d whic h 
eventuall y requir e dee p understandin g o f  tha t  syste m 
fo r  success ,  ca n b e a n excellen t  wa y t o hel p childre n 
acquir e a  deeper ,  mor e systemi c understandin g o f  suc h 
comple x domains .  W e repor t  o n a  desig n experimen t 
i n whic h sixt h grad e childre n learne d abou t  th e huma n 
respirator y syste m b y designin g an d buildin g artificia l 
lungs .  Student s wer e interviewe d pre -  an d post -
instruction .  Result s o f  thes e interview s wer e analyze d 
usin g a n SB F mode l  fo r  describin g thei r  understandin g 
of  th e respirator y system .  W e conside r  th e result s i n 
ligh t  o f  th e children' s actua l  activit y an d discus s som e 
of  th e lesson s learned . 

A ca r  engine .  A n ai r  conditioner .  Weathe r  patterns .  A 
biome .  H u m a n respiration .  Al l  ar e comple x systems . 
We nee d t o lear n abou t  comple x system s t o satisf y 
c o m m on huma n need s an d curiositie s an d t o solv e real -
worl d problems :  "Whe n i s i t  goin g t o rain? "  " H o w 
coul d someon e breath e withou t  health y lungs? "  Bu t 
comple x system s hav e man y characteristic s tha t  mak e 
the m difficul t  t o understand .  Th e whol e i s ofte n greate r 
tha n th e s u m o f  th e parts .  Understandin g a  syste m 
involve s considerin g th e causa l  behaviora l  interaction s 
and functiona l  relationship s betwee n part s an d wit h 
othe r  systems .  Suc h comprehensiv e understandin g 
typifie s scientifi c  analyse s o f  comple x systems ,  ye t  i s 
ver y difficul t  t o lear n (Feltovic h e t  al. ,  1991) .  W e hav e 
develope d a  methodolog y fo r  learnin g abou t  system s 
throug h desig n activities .  W e repor t  o n a n (early ) 
experiment ,  wher e childre n learne d abou t  th e respirator y 
syste m b y designin g an d buildin g a  subpar t  o f  a n 
artificia l  lung . 

W hy Lear n B y Desig n 

Design activities are particularly suited for helping 
learner s understan d system s becaus e o f  th e emphasi s o n 
functiona l  specification .  Desig n problem s requir e a 
designe r  t o identif y way s o f  accomplishin g desire d 
function s an d fi t  the m togethe r  t o creat e a  syste m o r 
artifact .  Often ,  ther e ar e severa l  way s o f  accomplishin g 
eac h function ,  an d th e designe r  need s t o conside r  eac h 
and decid e amon g them ,  requirin g a n understandin g o f 
nuance s i n function s an d th e principle s behin d 
accomplishin g them .  Designer s als o sequenc e an d inter -
relat e multipl e functions .  The y continuall y evaluat e 
h o w completel y functiona l  requirement s ar e satisfied . 
Becaus e o f  thei r  emphasi s o n functio n an d iterativ e 
refinement ,  solvin g desig n problem s ha s th e potentia l 
t o affor d exploratio n o f  issue s importan t  t o 
understandin g scienc e concepts . 

Implementatio n o f  learnin g fro m design ,  however ,  i s 
complex .  Schaubl e e t  al .  (1991 )  repor t  tha t  whe n 
childre n d o experiments ,  the y ofte n focu s o n creatin g 
outcome s rathe r  tha n constructin g understanding .  Thi s 
i s understandabl e becaus e th e outcom e (som e artifac t 
tha t  works )  i s a  concret e product ,  wherea s understandin g 
th e interna l  working s o f  a  syste m i s mor e abstrac t  an d 
les s tangible .  Incorporatin g reflectiv e activitie s i s 
importan t  t o encourag e a n understanding-oriente d 
approac h . 

We ar e developin g a n approac h t o learnin g scienc e 
base d o n case-base d reasonin g (Kolodner ,  1993) , 
cognitiv e apprenticeshi p (Collin s e t  al. ,  1989) ,  an d 
lesson s learne d b y other s workin g o n learnin g from 
desig n activities .  W e cal l  ou r  approac h Learnin g b y 
Desig n ( L B D )  (Kolodner ,  1997) .  W e ar e developin g 
desig n problem s tha t  affor d sustaine d thinkin g abou t 
scienc e and ,  usin g Problem-base d Learning' s (PBL ) 
(Barrows ,  1988 )  facilitatio n methodolog y a s a  base , 
learnin g wha t  practice s ar e mos t  effectiv e a t  engagin g 
middl e schoo l  student s i n learnin g fro m desig n 
experience s (Kolodne r  e t  al ,  1996) . 
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Method s 

The setting for this study was two sixth grade life 
scienc e classroom s i n suburba n Atlanta .  Th e L B D 
teache r  ha d participate d i n a  worksho p wit h u s t o lear n 
P BL an d t o desig n problems .  H e ha d experimente d wit h 
P BL earlier ,  bu t  thi s wa s hi s first  prolonge d experienc e 
doin g P B L o r  L B D . 

Participants There were 42 students in the two 
experimenta l  ( L B D )  classes .  A  subse t  o f  student s («=20 ) 
was randoml y selecte d fo r  pre -  an d post -  instructio n 
interviews .  A  compariso n classroo m wa s fro m th e sam e 
school .  Thirtee n childre n fro m th e compariso n clas s 
participate d i n th e study . 

Instruction Students in the comparison classroom 
spen t  tw o week s learnin g abou t  th e respirator y syste m 
by readin g thei r  textbook s an d participatin g i n teacher -
directe d activitie s suc h a s lectures .  Student s i n th e L B D 
classroo m learne d abou t  th e respirator y syste m b y 
attemptin g t o solv e a  desig n problem : 

You hav e watche d a  C N N specia l  abou t  th e lun g an d hav e 
recentl y see n som e newspape r  article s o n lun g diseas e an d 
orga n transplants .  Orga n transplant s ar e har d t o com e b y 
and ther e i s n o guarante e tha t  on e wil l  b e availabl e whe n 
needed .  Yo u ar e a  grou p o f  sociall y consciou s 
entrepreneurs ,  inventors ,  an d scientist s a t  a  biomedica l 
engineerin g firm.  Yo u realiz e tha t  yo u coul d sav e a  lo t  o f 
human sufferin g i f  yo u designe d a n artificia l  lung . 

Pla n th e desig n o f  a  practica l  artificia l  lun g an d buil d a 
model  o f  som e piec e o f  you r  design . 

Students  worke d o n thi s projec t  fo r  1 3 clas s period s 
ove r  tw o an d a  hal f  weeks .  Th e teache r  acte d a s a 
metacognitiv e coach ,  modelin g th e kind s o f  question s 
tha t  th e student s neede d t o ask .  H e ofte n bega n clas s b y 
reviewin g th e proble m statemen t  wit h th e student s an d 
helpin g the m generat e list s o f  fact s (abou t  th e proble m 
and th e respirator y system) ,  idea s abou t  solutions , 
issue s the y neede d t o lear n mor e about ,  an d actio n 
items .  H e helpe d th e student s us e thes e list s t o 
brainstor m an d reflec t  o n thei r  progress ,  particularl y i n 
th e earl y stages .  Studen t  discussio n ofte n focuse d o n 
part s the y neede d t o includ e i n thei r  design s an d thei r 
functions .  Th e student s k n e w tha t  th e lung s nee d t o 
brin g i n oxyge n an d remov e carbo n dioxide .  The y als o 
kne w tha t  whe n the y exercis e the y nee d mor e oxyge n 
and whe n the y slee p the y nee d less . 

On th e thir d day ,  student s bega n self-directe d learnin g 
base d o n th e issue s i n thei r  lists .  The y worke d i n smal l 
group s usin g a  variet y o f  resources .  Th e teache r  move d 
aroun d th e classroo m t o chec k o n studen t  progres s an d 
use d questionin g technique s t o hel p the m m o v e forward , 
locat e resources ,  an d us e compute r  programs .  Th e 
student s use d a  variet y o f  compute r  resources ,  includin g 
multimedi a softwar e (e.g. .  H o w thing s work )  an d cas e 
librarie s (Hmel o e t  al. ,  1996) .  O n th e fifth  day ,  th e 
student s di d experiment s t o determin e th e volum e o f  ai r 
tha t  th e lung s neede d t o m o v e an d h o w tha t  change d 

wit h exercise .  A s th e teache r  aske d th e student s t o 
explai n th e change s the y observe d wit h exercise , 
student s inferre d tha t  becaus e th e cell s neede d mor e 
oxygen ,  the y neede d t o breath e mor e whe n the y 
exercised .  Th e student s wer e ver y enthusiasti c abou t  thi s 
endeavor ,  bu t  i t  i s  no t  clea r  tha t  the y understoo d th e 
relationshi p betwee n thi s activit y an d functiona l 
component s o f  th e lungs . 

W o rk o n desig n project s bega n th e nex t  day . 
Student s worke d o n thei r  project s i n smal l  groups . 
Durin g thi s time ,  a n enginee r  cam e i n fo r  tw o day s t o 
giv e a  benchmar k lesso n o n desig n an d t o hel p th e 
childre n wit h thei r  designs .  Th e student s continue d t o 
generat e list s a s the y ha d don e earlie r  i n th e project ; 
althoug h thes e list s wer e use d t o focu s o n wha t  the y 
wer e thinkin g abou t  tha t  day .  Student s di d no t  retur n t o 
earlie r  list s t o se e wha t  the y ha d addresse d an d wha t  the y 
stil l  neede d t o consider .  The y spen t  anothe r  wee k 
buildin g thei r  projects .  The y ofte n realize d tha t  ther e 
wer e problem s i n th e desig n whe n th e teache r  aske d th e 
student s t o explai n wha t  the y wer e doing .  Student s 
presente d thei r  complete d project s t o th e clas s an d 
fielded  question s fro m th e teache r  an d othe r  students .  A t 
th e completio n o f  th e project ,  th e student s spen t  a  clas s 
perio d reflectin g o n wha t  the y ha d learned . 

Data Collection Data were collected to examine the 
students '  pre -  an d post-instructio n understanding s o f  th e 
respirator y system .  W e als o observe d i n th e classroom , 
examine d studen t  projects ,  an d kep t  log s o f  day-to-da y 
activities .  Prio r  t o instruction ,  th e 2 0 targe t  student s 
wer e interviewe d regardin g thei r  knowledg e o f  th e 
respirator y syste m an d aske d t o dra w diagram s o f  th e 
respirator y system .  Student s wer e aske d open-ende d 
question s abou t  breathin g an d the n aske d abou t  eac h 
componen t  o f  th e respirator y system ,  i n a  manne r 
simila r  t o Ch i  e t  al .  (1994) .  Inferenc e question s wer e 
pose d t o se e h o w wel l  student s coul d us e thei r 
knowledge .  Al l  th e student s i n th e L B D an d 
compariso n classe s wer e give n a  12-ite m true-fals e tes t 
tha t  aske d abou t  dynami c processe s an d identifie d thei r 
misconceptions .  Compariso n student s wer e aske d t o 
dra w diagram s an d interviewed ,  bu t  du e t o a n electroni c 
mishap ,  thei r  interview s wer e no t  availabl e fo r  analysis . 

R e s u l t s 

Student Projects Most of the designs that the 
group s constructe d wer e appearance-based .  Th e 
prototypica l  projec t  wa s mad e ou t  o f  a  sod a bottl e t o 
represen t  th e chest ,  balloon s o r  sponge s t o represen t  th e 
lungs ,  an d straw s t o represen t  th e airways .  S o m e o f  th e 
childre n include d wate r  t o represen t  th e blood-ai r  barrier . 
O ne grou p o f  student s use d a  moto r  t o driv e th e 
movement  o f  ai r  an d note d that ,  fo r  thei r  artificia l  lun g 
t o wor k correctly ,  the y woul d nee d sensor s t o determin e 
when ther e wa s enoug h air .  W h e n th e student s 
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presente d thei r  projects ,  thei r  classmate s ofte n pointe d 
out  flaw s i n thei r  designs .  However ,  th e limite d tim e 
availabl e di d no t  allo w tim e fo r  revision . 

Conceptual Knowledge Test The children in the 
L B D classroo m increase d thei r  score s fro m pre -  t o 
posttes t  (Pr e Af=8.5 5 sd = 2.37 ;  Pos t  M = 9.4 5 s d 
=1.50;F(1 ,  32) = 6.2 3 p < .05 )  wherea s th e compariso n 
student s di d no t  (Pr e /Vf=8.6 4 sd = 1.82 ;  Pos t  M = 9.2 1 
sd=\.S5 -  F  (1 ,  32) = 1.7 6 /?>.15) .  Thes e result s ar e 
encouragin g bu t  ar e onl y minimall y informativ e i n 
understandin g h o w th e children' s menta l  model s 
changed .  Bette r  informatio n come s fro m examinin g th e 
children' s drawing s an d thei r  response s t o clinica l 
interviews . 

Diagrams A holistic coding scheme was developed to 
analyz e th e diagrams .  Fiv e type s o f  model s wer e 
identifie d fro m th e diagram s tha t  th e childre n drew .  Th e 
model s becam e increasingl y systemi c an d sophisticate d 
fro m th e lowes t  mode l  t o th e highest . 

At  th e lowes t  leve l  wa s th e "Lun g a s a  bag "  model . 
Thi s mode l  indicate s tha t  ther e ar e som e hollo w 
structure s i n th e ches t  bu t  ther e ar e n o connection s t o 
othe r  systems .  Ther e i s n o evidenc e tha t  tha t  th e lung s 
do an y processing .  Thi s i s a  ver y limite d mode l  wit h 
onl y som e superficia l  structura l  features . 

Model  T w o wa s th e "It' s  al l  i n th e chest. "  I n thi s 
model  th e student s dre w picture s o f  th e lun g an d wit h 
dot s tha t  represente d th e ai r  space s an d bloo d vessels .  I t 
was no t  clear ,  tha t  student s holdin g thi s understandin g 
wer e awar e o f  h o w th e differen t  part s o f  th e syste m 
wer e relate d t o eac h other . 

Mor e sophisticate d wa s Mode l  Three .  Here ,  students ' 
drawing s include d connection s betwee n th e differen t 
structure s tha t  the y drew .  I t  wa s clea r  tha t  th e ai r  space s 
wer e a n integra l  par t  o f  th e lung . 

Model s Fou r  an d Fiv e ar e increasingl y global , 
systemi c models .  The y includ e connection s t o th e res t 
of  th e bod y suc h a s th e brai n an d periphera l  bloo d 
vessels .  Mode l  Fou r  indicate s som e misconceptions , 
most  commonl y tha t  th e abdomina l  organ s wer e par t  o f 
th e respirator y syste m (th e childre n conflate d th e rol e o f 
air ,  food ,  an d blood) .  Mode l  Fiv e i s th e mos t  complet e 
and correct . 

The pre -  an d post -  tes t  result s fo r  th e L B D an d 
compariso n student s ar e show n i n Tabl e 1 .  A t  pretest , 
th e mos t  c o m m o n mode l  fo r  th e L B D grou p wa s Mode l 
Two.  Thi s indicate s tha t  th e student s kne w tha t  th e lun g 
i s compose d o f  parts ,  bu t  the y di d no t  hav e a  goo d 
understandin g o f  h o w th e structure s wer e related  t o eac h 
other .  Fo r  th e compariso n students ,  Mode l  On e wa s th e 
modal  model .  I t  i s  no t  clea r  w h y th e L B D an d 
compariso n student s differe d a t  pretest .  Afte r 
instruction ,  th e L B D student s ha d a  reliabl e 
improvemen t  i n thei r  model s (Sig n Test ,  p<.005 ) 
wherea s th e compariso n student s di d no t  (p>.25) . 
Twelv e o f  th e L B D student s showe d mor e sophisticate d 

model s a t  posttest ,  an d 5  showe d n o chang e (on e studen t 
got  worse) .  Fo r  th e compariso n class ,  9  student s 
improve d an d 4  ha d les s sophisticate d model s a t 
posttest .  Thes e result s indicat e tha t  th e L B D student s 
constructe d a  bette r  understandin g o f  h o w th e structure s 
wer e relate d t o eac h othe r  an d viewe d respiratio n mor e 
systemically . 

Table 1. Categories of Diagrams 

Model 
One 
Two 
Thre e 
Four 
Fiv e 

Compariso n 
Pre 
8 
1 
1 
2 
1 

Post 
2 
3 
7 
0 
1 

LBD 
Pre 
3 
8 
3 
2 
2 

Post 
0 
5 
8 
1 
4 

S EE Analysi s o f  Intervie w Protocol s W e 
furthe r  analyze d studen t  understandin g o f  th e respirator y 
syste m usin g a  codin g schem e base d o n structure -
behavior-functio n (SBF )  model s (Chandrasekara n e t  al , 
1996 ;  Ch i  e t  al. ,  1994 ;  Goe l  e t  al. ,  1996) .  S B F theor y 
posit s tha t  device s an d comple x system s ca n b e 
specifie d representationall y i n term s o f  thei r  structures , 
behaviors ,  an d function s an d th e relationship s betwee n 
them . 

Table 2. SBF Model of Respiratory System 

Structur e 
Lung s 

Diaphrag m 

Brai n 

Behavio r 
Gas passe s fro m hig h 
concentratio n t o lo w 
acros s semi-permeabl e 
membrane 
Lower  pressur e i n ches t 
by increasin g volum e 
Send signal s 
t o respirator y system . 
Receiv e an d proces s 
signal s regardin g bod y 
statu s 

Functio n 
Brin g i n 
oxygen . 
remov e 
wast e 
M o ve 
lung s 
Contro l 
respiratio n 

Structur e refer s t o h o w a  syste m i s built ,  characterize d 
by th e size ,  shape ,  an d material s o f  objects .  Th e mai n 
respirator y syste m structure s accessibl e fro m c o m m o n 
experienc e ar e th e superficia l  features :  th e mouth ,  th e 
nose ,  an d th e throat .  A t  th e cellula r  level ,  respirator y 
structure s includ e hemoglobi n an d cellula r  membranes . 
Our  focu s wa s o n studen t  understandin g a t  th e 
intermediat e leve l  o f  orga n structures :  th e lungs ,  th e 
diaphragm ,  an d th e heart .  Behavio r  encompasse s th e 
dynami c elements ,  th e mechanism s fo r  change s i n th e 
structura l  stat e o f  a  system .  Th e mos t  accessibl e 
behavior s ar e th e visibl e ones ,  e.g. ,  breathing . 
Behavio r  include s causa l  mechanisms ,  an d i n general , 
behaviora l  aspect s o f  system s ar e leas t  wel l  understoo d 
(Feltovic h e t  al. ,  1991) ,  an d ar e ofte n no t  though t  abou t 
unti l  a n anomal y i n th e norma l  behavio r  o f  a  syste m 
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arise s (Murayama ,  1994) .  Functio n i s th e purpos e o f  a 
system ,  operationall y define d b y effect s o n a  structure' s 
environment .  Th e lungs '  functio n i s t o suppl y oxyge n 
t o th e bod y an d t o remov e waste .  Novice s i n a  domai n 
typicall y begi n t o understan d a  syste m a t  a  superficia l 
structura l  leve l  an d onl y late r  begi n t o understan d h o w 
th e structure s ar e relate d t o eac h other .  Expert s 
typicall y represen t  system s a t  th e level s o f  functio n an d 
behavio r  (Ch i  e t  al. ,  1981) .  Tabl e 2  present s ou r 
analysi s o f  th e respirator y syste m i n S B F terms . 

Transcript s o f  students '  clinica l  interview s wer e 
analyze d t o answe r  tw o questions : 

1)  Di d student s understan d th e respirator y syste m i n 
term s o f  structure ,  function ,  an d behavior ? 

2)  Di d thi s understandin g chang e a s a  consequenc e o f 
th e desig n experience ? 

We first  examine d studen t  interview s fo r  evidenc e tha t 
student s coul d identif y particula r  structure s an d thei r 
associate d function s an d behaviors .  Tabl e 3  present s a n 
exampl e o f  th e codin g criteri a fo r  th e alveoli .  I n 
addition ,  w e code d whethe r  th e student s identifie d 
relationship s an d propertie s tha t  contribute d t o behavior . 
For  example ,  alveol i  ar e a n integra l  par t  o f  th e lun g 
and ar e semi-permeable .  Becaus e structure s ar e mos t 
perceptuall y salien t  (an d ofte n h o w knowledg e i s 
represente d b y novices) ,  w e predicte d tha t  thes e woul d 
be mentione d mos t  frequently .  Second ,  w e expecte d t o 
see function s mentione d becaus e functio n wa s s o centra l 
a subjec t  o f  discussio n durin g class .  W e expecte d th e 
childre n t o mentio n leas t  o f  al l  th e causa l  behaviors . 
Thi s understandin g i s mor e difficul t  t o achiev e becaus e 
i t  happen s a t  a n invisibl e leve l  an d involve d 
understandin g dynami c relationships . 

Table 3. Example coding criteria for structure "Alveoli" 

Structur e 
Relation s 

Behavio r 

Propertie s 
Functio n 

Alveol i 
component-o f  lungs . 
works-wit h capillarie s 
gas passe s fro m hig h concentratio n t o lo w 
acros s semi-permeabl e membran e 
elastic ,  sem i  permeabl e 
gas exchang e 

We code d th e protocol s fo r  tw o othe r  kind s o f 
knowledg e tha t  see m t o b e a t  th e borde r  betwee n 
structur e an d behavior :  relation s an d properties . 
Relation s refe r  t o th e part-whol e relationship s an d 
interaction s betwee n part s o f  th e system .  Propertie s an s 
thos e feature s o f  th e structur e tha t  affor d th e dynami c 
behaviors .  Protocol s wer e code d bot h fo r  correc t 
instance s o f  th e S B F categorie s a s wel l  a s incorrec t 
instances .  Becaus e o f  studen t  absences ,  1 8 o f  th e 2 0 
student s interviewe d wer e use d fo r  thi s analysis .  Thre e 
protocol s wer e code d b y a n independen t  rater ,  wit h 9 1 % 
interrate r  agreement . 

As predicted ,  th e student s wer e mos t  likel y t o 
mentio n structure s (F(l,17)=505 ;  p<.OQ\ \  se e tabl e 4 
fo r  mean s an d standar d deviafions) .  The y wer e nex t 

most  likel y t o mentio n functions ,  followe d b y 
behavior s (F (  1,17) = 197.4 ;  p c O O l ;  (F (  1,17) = 11.02 ; 
p<.005) .  Student s wer e leas t  likel y t o mentio n relation s 
and properties . 

Th e student s ha d a  smal l  bu t  significan t  increas e i n 
th e numbe r  o f  structure s tha t  the y include d a t  posttes t 
(F(l,17) = 6.25 ;  p<.05) .  I t  i s  notabl e tha t  th e student s 
most  ofte n include d th e brai n o r  bloo d vessel s afte r 
instruction ,  suggestin g the y too k a  mor e systemi c 
view .  Th e numbe r  o f  behavior s mentione d increase d a s 
wel l  (F(1,I7) = 5.78 ;  p<.05) ,  du e t o a n increas e i n th e 
number  o f  bot h incorrec t  an d correc t  behaviors . 
Students '  understandin g als o becam e mor e coherent ,  a s 
show n b y a n increas e i n th e numbe r  o f  relation s the y 
mentione d (F(I,I7) = 6.16 ;  p<.05) .  Thes e result s 
indicat e tha t  the y wer e thinkin g mor e abou t  h o w th e 
syste m worked .  However ,  the y als o sho w tha t  student s 
wer e no t  constructin g a  mor e correc t  understandin g o f 
th e dynami c behaviors . 

Table 4. SBF Results 

Categor y Pre Post 
Structure s 
Relation s 
Behavior s 
Propertie s 
Function s 

7.0 0 (1.61 ) 
0.3 3 (0.69 ) 
0.9 4 (0.99 ) 
0.4 4 (.62 ) 
5.1 7 (1.25 ) 

7.6 1 (1.20 ) 
1.1 7 (1.20 ) 
1. 8 (1.30 ) 
0.7 2 (0,75 ) 
5.2 2 (1.52 ) 

Question s abou t  disease s wer e use d t o examin e th e 
flexibilit y  o f  students '  knowledge .  Fo r  eac h o f  th e 
diseas e questions ,  th e student s wer e tol d somethin g 
abou t  th e diseas e an d aske d h o w i t  woul d affec t 
breathing ,  e.g. ,  "Muscula r  dystroph y i s a  diseas e tha t 
weaken s a  person' s muscles .  H o w woul d tha t  affec t 
thei r  breathing? "  T w o o f  th e question s wer e relate d t o 
disease s tha t  affecte d th e alveoli :  emphysem a whic h 
destroy s th e ai r  sac s an d pneumoni a whic h fills  the m 
wit h fluid.  Th e thir d questio n wa s abou t  muscula r 
dystrophy .  Fo r  th e first  tw o questions ,  th e ke y 
behavior s wer e relate d t o diffusion ;  fo r  th e las t  question , 
i t  wa s relate d t o understandin g th e diaphrag m a s a 
p u m p.  Considerin g tha t  th e students '  activit y wa s 
focuse d o n h o w t o ge t  th e ai r  i n an d ou t  o f  th e lungs , 
we expecte d t o se e chang e o n th e muscula r  dystroph y 
questio n bu t  no t  o n th e others .  Th e student s wer e give n 
on e poin t  fo r  mentionin g tha t  breathin g i s harde r 
(indeed ,  i t  is )  withou t  a  justification .  The y wer e give n 
anothe r  poin t  i f  the y invoke d a  caus e o r  consequence . 
Al l  othe r  response s wer e score d a s a  zero .  Th e 
frequency  o f  on e an d two-poin t  response s i s sho w i n 
Tabl e 5 . 

A significan t  improvemen t  wa s observe d i n students ' 
response s t o th e muscula r  dystroph y questio n (Sig n 
test ,  p=.01) .  Students  als o demonstrate d marginall y 
significan t  improvemen t  o n th e emphysem a questio n 
(jx.Ol )  bu t  n o improvemen t  o n th e pneumoni a 
question .  Althoug h th e emphysem a questio n wa s 
designe d t o prob e th e students '  understandin g o f  th e 
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relationshi p betwee n diffusio n an d surfac e area ,  i t  ma y 
hav e instea d tappe d thei r  understandin g o f  th e relatio n o f 
th e alveol i  t o th e lungs .  Thi s alternativ e explanatio n i s 
consisten t  wit h th e result s o f  th e diagra m drawin g ;ux l 
thei r  increase d understandin g o f  relation s i n th e system . 

Table 5. Frequencies for Disease questions 

Questio n 
Emphysema 

Muscula r  Dystroph y 

Pneumoni a 

Poi nt s 
1 
2 
1 
2 
1 
2 

Pre 
9 
8 
9 
6 

14 
2 

Post 
6 

12 
5 

13 
11 
5 

D i s c u s s i o n 

Di d children' s view s o f  a  comple x syste m becam e 
deepe r  afte r  a n L B D experience ? Th e answe r  t o thi s 
questio n i s ye s an d no .  Student s di d achiev e a  mor e 
systemi c understandin g o f  th e respirator y system .  Eve n 
give n th e sever e tim e constraint s an d relativel y crud e 
experiment s an d materials ,  student s wer e abl e t o 
improv e thei r  menta l  model s o f  respiratio n a t  th e mola r 
leve l  b y thinkin g o f  th e structures ,  behaviors ,  an d 
function s o f  breathing .  W e ar e cautiousl y encourage d b y 
smdents '  response s t o th e S B F an d diseas e questions . 
The desig n activitie s seeme d t o promot e studen t 
thinkin g abou t  th e interna l  working s o f  th e respirator y 
syste m Bu t  thei r  understandin g wa s ofte n incomplete . 
We believ e thi s i s du e t o severa l  factor s relate d t o th e 
way th e desig n activit y wa s carrie d out . 

Defining Problems Functionally Students 
focuse d o n buildin g model s tha t  looke d lik e lung s rathe r 
tha n onê v tha t  worke d lik e lungs .  Student s develope d a 
deepe r  an d mor e flexibl e understandin g o f  thos e concept s 
the y actuall y deal t  with .  The y spen t  a  lo t  o f  effor t 
tryin g t o understan d h o w th e diaphrag m acte d a s a 
pump.  The y wer e fascinate d wit h a  C D - R O M tha t  ha d 
many animate d example s o f  differen t  kind s o f  pumps . 
The y spen t  a  lo t  o f  tim e examinin g th e pressur e 
regulator s tha t  ar e use d fo r  Scub a divin g an d a  manua l 
bellow s tha t  migh t  b e use d t o fa n a  fire .  Bu t  the y neve r 
reall y understoo d th e pumpin g actio n o f  th e diaphrag m 
i n term s o f  th e underlyin g physics . 

I n retrospect ,  w e aske d student s t o d o to o muc h i n to o 
shor t  a  time .  Bu t  mor e importantly ,  ou r  proble m 
descriptio n an d clas s activitie s di d no t  emphasiz e 
enoug h th e buildin g o f  workin g models .  A  ful l 
workin g mode l  o f  th e lun g migh t  b e to o muc h fo r  a 
middl e schoo l  studen t  t o do ,  eve n i n a  longe r  amoun t  o f 
time ,  bu t  w e believ e thi s ca n b e countere d b y helpin g 
student s brea k problem s dow n int o functiona l 
subsystems ,  askin g the m t o buil d workin g model s o f 
subsystems ,  the n askin g the m t o pu t  som e o f  thos e 
subsystem s together ,  focusin g o n th e interaction s 

betwee n th e functiona l  subparts . 

Dynamic Feedback The Artificial Lung project 
helpe d student s thin k abou t  causa l  behaviors .  However , 
the y ha d n o opportunit y fo r  dynami c feedback ,  makin g 
i t  difficul t  fo r  the m t o recogniz e whe n thei r 
understanding s wer e incorrec t  an d i n nee d o f  revision . 
Tria l  an d feedbac k ar e critica l  t o learnin g comple x 
concept s (e.g. ,  White ,  1993) ;  th e shallownes s o f  ou r 
students '  learning ,  particularl y a t  th e cellula r  level , 
illustrate s jus t  h o w importan t  suc h feedbac k is . 
Buildin g an d tryin g ou t  workin g models ,  a s suggeste d 
above ,  woul d hav e helpe d here .  Anothe r  wa y t o provid e 
feedbac k opportunitie s woul d hav e bee n t o giv e student s 
relevan t  device s t o explore .  Fo r  example ,  a  bellow s 
p u mp migh t  hav e provide d a n analog y t o th e 
diaphragm .  Experimentin g wit h i t  migh t  hav e helpe d 
the m understan d th e relationship s betwee n volum e 
increase s an d pressur e decrease s tha t  ar e i n pla y whe n w e 
breathe . 

Cycles of Design, Reflection, and Revision 
Earlie r  focu s o n desig n an d a n incrementa l  approac h 
woul d hav e give n th e childre n a  chanc e t o tr y ou t  idea s 
tha t  migh t  no t  hav e bee n goo d ones ,  se e the m fail ,  an d 
fro m that ,  generat e learnin g goals ,  revis e thei r 
understandin g an d thei r  designs ,  an d tr y again .  T w o 
importan t  benefit s woul d hav e accrued .  First ,  the y 
migh t  hav e mad e bette r  connection s betwee n thei r 
resourc e us e an d experimentatio n an d thei r  designs . 
Second ,  i t  woul d hav e promote d analysi s an d reflectiv e 
discussion . 

Becaus e student s di d no t  ge t  starte d o n thei r  design s 
and hav e a n understandin g o f  wha t  the y neede d t o lear n 
befor e the y accesse d th e informatio n resources ,  m u c h o f 
th e resource-us e tim e a t  th e beginnin g o f  th e activit y 
was wasted .  Childre n ha d fu n lookin g throug h th e 
multimedi a resource s an d probabl y learne d som e rando m 
facts ,  bu t  i f  the y ha d begu n thei r  designin g earlier ,  the y 
coul d hav e bee n mor e focuse d i n thei r  resourc e use ,  an d 
the y migh t  hav e gaine d bette r  understandin g o f  wha t 
the y wer e viewin g du e t o thei r  understandin g o f  w h y 
the y neede d t o lear n it .  A  simila r  argumen t  ca n b e mad e 
fo r  thei r  experimentation . 

Als o important ,  withou t  tim e t o design ,  tr y thing s 
out ,  analyz e wha t  happened ,  an d revise ,  student s di d no t 
hav e enoug h opportunit y fo r  th e focuse d explorator y 
activit y tha t  i s  s o importan t  t o learning .  Desig n ca n b e 
powerfu l  fo r  promotin g learnin g o f  comple x idea s arx l 
system s becaus e i t  give s th e opportunit y t o explor e i n a 
focuse d wa y an d wit h rea l  feedbac k fro m th e world . 
Desig n withou t  analysi s an d revisio n lose s thos e 
potentials .  Managin g desig n activitie s t o mak e the m 
iterativ e i s essentia l  fo r  effectiveness .  W h e n student s 
realize d thei r  model s di d no t  work ,  the y shoul d hav e ha d 
opportunitie s t o develop ,  test ,  an d evaluat e a  ne w 
understanding . 

Startin g desig n earlie r  woul d hav e encourage d mor e 
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productiv e reflectiv e discussions .  Ou r  experience s sho w 
tha t  discussin g abstrac t  idea s i s difficul t  fo r  childre n o f 
thi s age ,  bu t  onc e the y have  experience d somethin g an d 
see n concret e results ,  discussio n become s deepe r  an d 
mor e generative .  Childre n nee d interaction s wit h th e 
worl d t o promot e thei r  engagemen t  i n discussio n an d 
analysi s o f  wha t  happened ,  focusin g particularl y o n 
area s o f  conflictin g expectation s (Chin n &  Brewer , 
1993) .  Studen t  presentations ,  fo r  example ,  provide d 
opportunitie s fo r  othe r  student s t o poin t  ou t  th e 
limitation s o f  thei r  models ,  an d student s di d thi s quit e 
well .  Withou t  tim e t o furthe r  analyz e an d revise , 
however ,  student s di d no t  gai n th e ful l  benefi t  o f  thos e 
discussions .  Suc h presentation s mad e early ,  base d o n 
initia l  designs ,  an d the n mad e agai n late r  afte r  revision s 
woul d helpe d student s recogniz e importan t  issues . 
Also ,  withou t  th e nee d t o revis e thei r  model s an d reall y 
make the m work ,  student s ha d littl e motivatio n t o 
reflec t  o n wha t  other s wer e tellin g them . 

A System of Activities The environment was not 
exactl y wha t  w e ha d envisione d a s Learnin g b y Design , 
but  it s desig n componen t  wa s substantia l  enoug h t o 
teac h u s som e lessons .  Ou r  intention s wer e tha t  desig n 
woul d guid e studen t  activities ,  tha t  student s woul d 
engag e i n multipl e desig n iterations ,  tha t  student s 
woul d buil d workin g model s an d hav e opportunitie s fo r 
dynami c feedback ,  tha t  ther e woul d b e mor e reflectio n 
integrate d int o th e clas s activities ,  an d s o on .  Indeed , 
we stresse d th e importanc e o f  al l  o f  these ,  an d others , 
durin g ou r  teache r  workshops .  Bu t  th e teache r  ha d 
many ne w practice s an d activitie s h e wa s tryin g t o 
manage.  I t  wa s difficul t  fo r  hi m t o incorporat e s o man y 
ne w teachin g practice s a t  once ,  an d t o kee p trac k o f 
what  al l  th e childre n wer e doin g an d th e hel p the y 
needed .  Hi s yeoman' s effor t  yielde d bette r  learnin g tha n 
i n othe r  classe s bu t  no t  a s muc h a s w e ha d hope d for . 
An importan t  lesso n t o tak e awa y fro m thi s i s th e 
importanc e o f  incorporatin g th e whol e syste m o f  desig n 
and learning-relate d activities ;  a  focu s o n desig n withou t 
th e supportin g practice s an d activitie s tha t  allo w i t  t o 
pla y it s poweriFu l  rol e wil l  no t  accomplis h wha t  i s 
intended . 
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