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Synopsis E cdysis, t ra nsf o rmatio n fro m juvenile to ad ul t fo rm in inse cts, is t ime-con sumin g and leav es in se cts vu lnerable to 

pre dat ion. For win g ed in sects, the p rocess o f win g expan sio n d ur ing ecdysis, unf ur ling an d expan ding th e wings, is a criti- 
ca l bottlene c k in ac hie ving s exu al maturit y. Internal and external forces play a role in wing expansio n. Vigo rous abdo minal 
pump ing d uring wing expansio n a l lows inse cts to pres s ur ize and inflate t heir wings, fil ling t hem wit h h em o l ymp h. In addi tio n, 
many insects ado p t expansion-sp ecific p ostures an d, if inhi b i t ed , do not expand their wings norma l ly, s ugges ting that external 
forces such as grav it y may play a role. How ev er, tw o previous studies over 40 years ago, reported that the fo rewings o f swarming 
locusts can expand au to no mously when removed from the emer gin g in sect and laid flat on a saline solut ion. Terme d “autoex- 
pan sion,” w e replicated previous experiments of autoexpansion on flat liquid m edia, docum entin g chan g es in both win g len gth 

a nd a rea over time while also focusing on the role o f gravi ty in au toexpansio n. Using the No rth American b ird grass h o p per 
Schis t oc erc a am eric an a , we t est ed four au toexpansio n trea tmen ts of varying surface tension and hydrophob ici t y (grav it y, deion- 
ized water , buffer , an d min era l oi l) whi le simu ltane ously observing and me asur ing int act, nor mal wing expan sion. Finally, w e 
const ructe d a simple m ode l of a v iscoel ast ic exp andin g win g subj e cte d to g rav it y, t o det ermin e wh eth er it co uld cap ture aspects 
of win g expan sion. Our dat a confir med t ha t wing a u toexpansio n do es o ccur in S. amer icana , bu t au toexpandin g win gs, espe- 
cia l l y hind wings, fai le d to increase to the same final length and area as intact wings. We found that grav it y pl ays an im portan t 
role in wing expa nsion, ea r ly in th e expansio n p rocess. Co mb ined wi t h t he significant m a ss increa se we documented in intact 
win gs, it sugg ests that hydraulic pumping of h em o l ymp h into the wings plays an im portan t role in increasing the area of ex- 
pandin g win gs, especially in driving expansion of the lar g e , pleat ed hindwings. Aut oexpansion in a non-swarming ortho p teran 

s ugges ts that local cues driving win g autoexpan sion may serv e a br oader purpose, r e ducing tota l exp ansion t im e an d costs by 
s hifting som e pr ocesses fr om cent ra l to loca l cont rol. Document in g win g autoexpan sion in a widely studied m ode l organism 

an d dem onst rat ing a m athem at ica l m ode l provides a tractable n ew system fo r explo rin g higher lev el question s a bout th e m ech- 
anisms of wing expansion an d th e im plica tions of autoexpansion, as well as potent ia l b io insp iratio n fo r fu ture t ec hnologies 
app licab le to micro-air vehicles, space explo ratio n, o r me dica l an d prosth etic devices. 
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ntroduction 

hen an insect under g oes ecdysis, it must complete
 my ri ad of delic at e processes, inc ludin g win g expan-
ion, to tra nsf orm from juvenile to adu lt. E closion is a
ime-con sumin g tran sfo rmatio n, costly, and leaves in-
e cts vu lnerable to pre dat ion. Inse cts displ ay t wo main
 etam orph osis st rateg ies: comp lete (ho lometabo lous)
 etam orph osi s, which i s ch aracterized by a larval s ta ge,

n inact ive pup a l s ta ge, an d em ergen ce as an ad ul t, and
n complete (h emim etabolous) m etam orph osi s, ch arac-
 dvance A ccess p ublication Sep tember 15, 2023 
C Th e Auth or(s) 2023. Pu blis h ed by Oxford University Press on behalf of the
o r permissio ns, plea se e-m ai l: j ourna ls.permissio ns@ou p.co m 
erize d by se quent ia l ins tars (immature s ta ges of in-
reasing size, similar in shape to the ad ul t) ( Gu l la n a nd
ranston 2014 ). 
Befor e insects r e ach t he ad ul t s ta g e, their win gs be-

in to develop. In ho lometabo lou s insects, such a s Lep-
do p t era (i .e ., butt erflies an d m ot hs), t he wings for m
ur ing t he pup a l s ta ge . Upon ec losion, the wings ex-
an d, in creasing su bstant ia l ly in length and area, but
i th li ttle unfolding alo ng the p rimary lo ngi tudinal
 ein s. In h emim eta bolous in sects, the win gs dev elop in-
 Society for In tegra tive and Com para tiv e B iology. All rights reserved. 
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2 Salcedo et al. 

Fig. 1 Autonomous expansion of L. migratoria and S. gregaria . ( A ) Previous autoexpansion experiments inv olv ed r emoving wings from an 
insect, sealing them at the cut end (wing base), and laying them flat on the surface of a saline solution. Throughout phase 2 of wing 
expansion, locust and grasshopper wings display a partially expanded portion as well as a folded portion of the wing. ( B ) Adapted from 

Glaser and Vincent (1979) , “autonomous inflation” of L. migratoria was investigated at phase 2, the expansion phase. Dotted lines indicate 
wings autoexpanding on saline and solid lines indicate intact wings expanding while attached to the insect. Ar ro ws indicate data from the 
same animal. ( C ) Adapted from Elliott (1981) , expansion of wings of S. gregaria r emov ed from the insect at various time points 
(a pproximatel y 8, 15, and 18 min). Wings w er e sealed and laid on saline, and their expansion was compar ed to that of intact wings (solid 
line). 
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side wing pads, outer ca sings th at en close th e deve lop-
in g win gs, which a ppear a t la ter s ta g es of dev e lopm ent
(depen ding on th e inse ct) ( Gu l la n a nd Cra nston 2014 ).
Betw een in st ars, t he wing pad increases in length and
widt h, and t he expandin g win g in side is a tightl y fo lded,
m embran o us ap pendage fil le d with h em o l ymp h, tra-
c heae , nerves, and rapidly c han gin g cells ( Carothers
1923 ). The win g form s wit hin t he wing pad by first lay-
ing out lines of tracheae to supp l y air to the forming
tis s ues ( Wig gleswort h 1954 ). As v ein s f orm a round tra-
ch eae an d growt h of t he wing tis s ue con tin ues, the v ein s
an d m embran e tis s ue betw een v ein s begin to fold in on
th emse lves. As a nymph grows c loser t o ec losion, the
wing pad becomes thicker and the folded wing is visible
wit hin t he wing pad. 

E closion re quires a sui te o f ho rmo na l t r ig gers and
moto r p rogra ms ( Ca rlson 1977 ; Hughes 1980b , 1980c )
t o initiat e n ormal h ead an d appen dage em er g ence from
the exuv i ae (juvenile c asing). The w ing structure it-
self is formed based on numerous signaling pathways
( Tr ipat hi an d Irvin e 2022 ). Upon ecdysis, th e wing
is ext racte d fro m i ts wing p ad and exp ansion beg ins
( Hughes 1980a ; Elliott 1981 ). Hemo l ymp h circulates
t hrough t he wing dur ing t he expansion ph a se to redi s-
tri bute ce lls an d rem ove apo p to t ic cel l s ( Pa ss et al. 2015 ;
Sa lce do and Socha 2020 ). Vigorous abdominal pump-
in g motion s and win g flexin g durin g expan sion sugg est
tha t infla tio n wi th h em o l ymp h is a pr imary dr iver of
win g expan sion ( G la ser an d Vin cent 1979 ; Sa lce do et a l.
2023a ). In addi tio n, ho rmo nes circu lat ing thro ugho ut
the w ing , suc h as bur sicon, h e lp initiate an d regulate
win g expan sio n ( W hi te and Ewer 2014 ). Fo r win g ed in-
sects, the process of unf olding a nd expa nding the wings
aft er ec losion is a crit ica l bottlene c k in ac hie ving s exual
maturity. 

Som e h emim eta bolous in sects disp lay a p he-
n om en on kn own as “au to no mous inflatio n” o r “au-
t oexpansion,” in whic h wings me chanica l ly sep arate d
from the insect’s b o dy con tin ue to unfold and expand,
in depen dent of the insect ( Fig. 1 ). The existence of
au toexpansio n s ugges ts an addi tio nal s h o rtcu t o r po-
tent ia l fai l-safe to ensure that wing expansion occurs
quickly and s ucces sfu l ly, even in the absence of active
h em o l ymp h pumping or other motor program s. Tw o
pr evious studies r eported that the fo rewings o f two
swarming locust species, Locus t a mi grat o ria ( G la ser
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Fig. 2 Behavioral timeline and wing expansion in Acrididae. ( A ) Changes in wing length over time during wing expansion. “Full expansion”
indicates wings at final adult length and area. Adapted from Elliott ( 1981 ), who collected the first data on wing length changes in intact 
wings during the expansion stage of S. gregaria ( Elliott 1981 ). ( B ) Behavioral timeline and stages for insect eclosion in Orthoptera, family: 
Acrididae. Elliott noted six behavioral stages of eclosion, combining notation from Hughes (1980) and his own work on Schistocera ( Hughes 
1980a ; Elliott 1981 ). To examine autonomous wing expansion, Glaser and Vincent (1979) reclassified stages III and IV as phase 1 
(extraction) and stage V as phase 2 (wing expansion). An insect completes phase 2 by using its legs to fold the wings into their adult 
configuration. Once fully expanded and folded, final sclerotization of the body continues (stage VI). 
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n d Vin cent 1979 ) an d Schis t oc erc a gregaria ( Elliott
981 ), autoexpan d wh en rem oved from th e em er gin g
ns ect, if the y are s ea le d, and laid flat on a saline solution
 Fig. 1 A and B). Autoexpanding wings are reported
 o ac hieve t he s ame final length as intact wings (those
t i l l attache d to the insect), but elo ngatio n occurs at
 slower rat e , and it is not cle ar whet her wings also
e ached f ull are a in t hese studies. 

In a secondary experiment, wings laid on top of a so-
 u tio n co nta ining cya nide cease d exp ansio n co mp letel y
 G la ser an d Vin cent 1979 ), s ugges ting tha t a utoexpan-
ion r equir es living cel ls. El lio tt (1981) fo und tha t a uto-
xpansion rates in S. gregaria were affe cte d by the time
oin t a t which the win gs w er e r emoved fr om the insect
 Fig. 1 B). He also per for m ed on e of the first experiments

e asur ing int act (att ac hed t o the in sect) win g len gth-
nin g durin g win g expan sion ( Fig. 2 A). Taken tog ether,
h ese studies s h owed tha t (1) con tin uous pres s ure (gen-
rated by the insect’s active h em olym ph pum ping) is not
 he only dr iver of wing expansion and (2) local cues



4 Salcedo et al. 
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o r p ro cesses o ccur r in g alon g the win g can con tin ue to
driv e expan sion, ev en in the a bsence of activ e, central
contro l. The p heno meno n o f au toexpansio n p rovides
an o p po rtuni ty to co mp re h en siv e ly quantify h ow wings
unfurl (in 2D) during expa nsion, a nd to exper iment a l ly
p robe the co ntribu tio ns o f various physical fo rces d ur-
ing normal wing expansion. 

Eclosion and wing expansion in 

grasshoppers 

Schis t oc erc a am eric an a , or t he Amer ican grassho p per,
is an ortho p teran (sub order C aelif era, fa mily Acridi-
dae) whose genu s h a s been used widely in studies of
insec t flig ht and b io mech anics ( Wei s-Fogh and Jensen
1956 ; Woott on et al . 2000 ; Taylor an d Th om a s 2003 ),
and its p hysio logy is bro ad ly use d in studies on ox-
idat ive st ress ( Har r ison et al. 2005 ) and pesticide us-
age ( Sa ndoval-Mojica a nd Capinera 2011 ). Members of
family Acrididae appear to under g o similar wing expan-
sio n p ro cesses (p ersona l observat io n o f D i s sos t eira car-
ol i n a and Ch ortoph aga vi rid ifasciata ) ( Car others 1923 ),
a nd this fa mi ly includes high ly studie d locusts S. gre-
gari a an d L. mi grat o ri a , which are kn ow n to displ ay
win g autoexpan sion ( Fig. 1 ). Confirming that S. amer-
ic an a wings are capable of au toexpansio n could pave
the way for future studies on the mechanics of wing
expansio n, ho rmo nal cues invo l ved in wing expansion,
and b io mimicry o f wing au toexpansio n fo r so ft robotics
( W hi te and Ewer 2014 ). 

Th e timing an d s ta g es of emer g ence in ortho p terans
are highly predictab le, fo llowing the six p rinci p a l of be-
hav ioral events l aid o ut by Ellio tt (1981) an d Hugh es
(1980a) ( Fig. 2 B). Here, we have ado p ted G la ser and
Vincent’s (1979) recl assific atio n o f s ta ges III, IV, and
V into ph a ses 1 and 2. Ph a se 1 encompas ses s ta ges III
and IV, which include emer g ence, fu l l ext ract io n o f the
nymph (and a l l i ts appendages) fro m i ts juv enile casin g,
a nd pa rtial stret c hing of the w ing . Ph a se 2 encompasses
a l l of s ta ge V, the exp ansiona l phase, during which the
wing fu l ly len gthen s, incr eases in ar ea, and r efolds into
i ts ad ul t co nfiguratio n. 

Prior to ph a se 1, the cut icle beg ins t o soft en, likely
tr ig gered by bursicon ( Elliott 1981 ; W hi te and Ewer
2014 ). On ce em er g ence begin s, th e grass h o p per hangs
by the tip of its abdomen and inspires deep l y every 20–
60 s, ma inta ining high pres s ure in both the gut and
th e trach eal system ( Elliott 1981 ). As the head emer g es
from the juvenile casing (exuv i ae), fol lowe d by the an-
tennae and legs, old t rachea l linings are pu l le d out of
t he t ho racic and abdo minal sp iracles. The insec t c urves
bac kward , head fir st, gul p ing in air to inflate its gut.
Maximum abdominal pres s ures occur during the pro-
cess of wr ig gling an d em er g en ce from th e juvenile form
( Elliott 1981 ), and waves of cont ract ions are ne ces-
sary t o fir s t s pli t the cu ticle o f the exuv i ae. The highest
pres s ures occur during ph a se 1, and pres s ure declines
st eadily int o ph a se 2 ( Elliott 1981 ). 

Schis t oc erc a am eric an a uses the ext ract ion ph a se
(ph a se 1) as a way of p art ia l ly st ret c hin g the folded win g.
Due to the decrease in cuticle s tiffnes s and the action of
passing the folded wing through a small opening in the
wing pad, the wing increases to 40% of its overa l l (fi-
nal) length by th e en d of ph a se 1 ( Elliott 1981 ). Ph a se
1 lasts from 15 to 20 min, a nd a fter ha n gin g from the
ti p o f the exuv i ae for s e veral minutes (4–10 min, de-
pending on size), the nymph flips f orwa rd a nd begins
win g expan sion (ph a se 2). During ph a s e 2, the ins ect
posi tio ns i tself wi th p art ia l ly st ret c hed win gs han gin g
vert ica l ly. Co mp ressio n bou ts o f the expansio nal mo-
to r p rogra m, which ma nif es t as s tron g flexin g of the
fligh t m uscles, result in the win gs bein g pu l le d latera l ly
( Hughes 1980a , 1980c ), and the insect begins pump-
in g the win gs fu l l of h em o l ymp h, causing them to ex-
pa nd downwa rd ( Supplementa ry Fig . S1 ). As the w ings
expan d, th ey becom e cle ar, losing t h eir cloudy ye llow
colo r. At app roximately 15–18 min into ph a se 2, the
w ings (both forew ings and hindwings) re ach t heir f u l l
length a nd a rea, a nd co rrugatio n (a 3D feature of the
ad ul t wing) begins to appe ar. Af ter 25 min, the wing
“loses” area as it begins t o refold . Co rrugatio n beco mes
m ore defin ed over th e n ext 20 min, an d wing expan-
sio n is co mplete wh en th e hin d legs a ssi st in placing the
forewin gs ov er th e hin dwings, sque e zing the wings into
their folde d posit ion over the abdom en. Th e wing cu-
t icle wi l l cont inue to m e lanize over th e n ext 24 h ours,
t hicken over t he follow ing 10–12 d ays ( Banerj e e 1988 ),
an d h em o l ymp h wi l l cont inue to circulate in the ad ul t
wing ( Sa lce do and Socha 2020 ; Sa lce do et a l. 2023b ). 

Eclosion can go wrong at any point, resu lt ing in the
insect’s h ead an d/or appen dag es remainin g wit hin t he
exuv i ae, and c ausing w ing expansion to cease. Addi-
t iona l ly, if the wing hinges a re da maged a nd leaking
h em o l ymp h, the wings fail to extend to their fu l l length
(pers onal obs ervation). In the last stages of wing expan-
sion, spe cifica l ly for Ortho p tera, if mu lt iple appendages
have been lost, the insect may not be able to fold its
n ewly expan ded ad ul t wings into their proper adult con-
figuration. 

In many in sects, win g expan sion will not occur nor-
ma l ly if expansion behaviors are in hibite d. Some inse cts
(e.g., dra gonflies) mus t remain s tationa ry (a n d vuln er-
able to pre dat ion) durin g win g expan sion, whereas S.
am eric an a (and other ortho p tera ns) a re a ble to mov e
ar ound fr equent ly dur ing ph a ses 1 a nd 2. Autoexpa n-
sion could have s e vera l potent ia l ben efits, in cluding re-
ducin g the ov era l l cost of wing expansion (by min-
imizin g activ e cont rol) and spe e ding up the exp an-

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icab121#supplementary-data
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io n p rocess. In addi tio n, fo r in sects that emer g e in
ar g e cohorts that may be cannab a list ic (such as gre-
a rious, swa rming lo custs), auto expansio n p rocesses
ould ensure that wing expansion and ma tura tion
cc ur, w hi le a l lowin g in sects to mov e a round a nd
educe t heir r isk o f succumb ing to cannib a lism or
re dat ion. 

Au toexpansio n may be a vital strategy for en surin g
in g expan sion an d in cr easing survival in cr owded or

is ky environm ents. How ev er, thi s process h a s re ceive d
o a tten tio n beyo nd a f ew ea rly studies ( Fig. 1 ), and

t is not known if au toexpansio n occurs in S. ameri-
 an a , a wel l-studie d (bu t no n-swarming) m ode l species
re quently use d in studies of inse c t flig ht and agric ul-
ur e ( Swor d 2003 ). Her e , we det ermin e wh eth er n on-
warming grass h o p p ers ( S. amer i cana ) exhi b i t wing au-
oexp ansion li ke their swarming re latives, an d cap i talize
n the pheno meno n o f au toexpansio n to explo r e the r el-
ti ve ro les o f external fo rces, local cues, and cent ra l ly
ont rol le d processes in the expansion of ortho p teran
 orewings a n d hin dwings. We as ked s e vera l quest ions:
1) G iv en th e comm on insect be h avior of h an gin g with
ings pointed downward, what is the role of grav it y in
in g expan sio n? (2) Were p revious findings o f au toex-
 ansion in isolate d fo rewings influenced by fluid move-
en t in to/ou t o f wing tis s ues or by the surface tension
 f the fluid that win gs w ere laid u po n? (3) Does au to-
xpansion occur to a similar extent in the lar g er, more
omp lex hind wings to t hat in t he simpler fo rewings o f
rass h o p pers? (4) How well does a linear model of a
 iscoel astic materi a l, subj e cte d to g rav it y, c apture w ing
xpansio n p rocesses in the fo rewings an d hin dwings of
rass h o p pers? 

ethods and experimental treatments 

are of insects and timing of eclosion 

chis t oc erc a am eric an a nymp hs (second to fourth in-
tars) were obtained from USDA (Sidney, Montana),

a inta ined at 30–35 

◦C (16:8 h light cycle), and r ear ed
n accord ance w ith United States Dep art ment of Ag ri-
ul ture APHIS permi ts (#: P526P-16-04590). Befo re
closion, nymph s w er e r egula rly f ed roma ine let t uce,
hich supplied nut rit ion and water. Adu lts were sepa-

ated from nymphs after eclosion. 
When fif t h-inst ar S. am eric an a nymp h s w er e r eady to

c lose , t hey se a rched f or a n ap pro priat e perc h and be-
an ecdysis. For our studies, the time when the folded
in gs w er e fr e e d from the exuv i ae was noted as time

zer o,” fr om which a l l experiments were t ime d. In a
olo ny wi th 100–200 individ uals, nymph s emer g ed at
 ta ggere d interva ls, wi th app roximately 10–20 individ-
a ls emerg ing per day. Most eclosions occurred in the
ate ev enin g a nd ea r ly m orning , bet ween th e h ours of 5
m and 9 am. 

ing expansion tr eatments: w eighing and 

maging 

t the beginning of ph a se 2 (time zero; Fig. 2 B), in-
ects were removed from the re ar in g cag e and w eighed.
 or “in t act” tre a tmen ts, where win g expan sion was ob-
erved under normal conditions (with wings remaining
ttache d), inse cts were removed from the re ar in g cag e
t time zero and a l lowe d to hang from a board in the
enter of a cylindric al c a rdboa rd tube with a bright LED
ight pan e l a bov e. The boa rd was a ngled at −45 

◦ (down-
ard), as insects placed on vertical boards or those an-
led upward at + 45 

◦ would const ant ly move to find
 pr eferr ed an gle. Win g expan sio n was reco rded using
im e-lapse ph otography w ith t wo v ideo c ameras (Log-
t ec h 1080p P ro Webca ms) placed o rthogo nally (do rsal
nd l ateral v ie ws), s et to capture one image per 45 s unt i l
oth wings were folded back a gains t the abdomen. 

F or wing a utoexp ansion t reat ments, after being
eighe d at t ime zero, inse cts were place d b ack in the

e ar in g cag e for 5, 10, 15, or 20 min. Near th e en d of
 ach of t h ese tim e points, in sects w er e r emoved fr om
 he re ar in g cag e, w eighe d (with a l l wings attache d),
n d th en a l l four win gs w er e car efu l ly remove d (spring
 ciss ors, Fin e Scien ce Tools), weigh ed in div idu ally, and
ea le d at the cut end/wing base with cyanoacrylate glue
to p revent fluid loss). The insects’ b o dies were quick ly
rapped in Kimwip es, lab e led, an d placed in a −80 

◦C
re e zer for s tora ge, an d rem oved wings were randomly
ssig ne d to au toexpansio n trea tmen ts ( Fig. 3 ). 

F our differen t a u toexpansio n t reat ments were per-
o rmed o n wings. In the “grav it y” trea tmen t, isola ted
in gs w er e glued (fr om the wing base) to a glass slide

nd hun g v ert ica l ly in t he s ame or ient atio n as d uring
ntact emer g ence ( Fig. 3 Ai). Wings were then placed in
ro nt o f a whi t e bac kground with a time-lapse camera
riented p erp en dicular to th e wing surface, an d on e im-
ge was captured every 5 min. 

For the remaining thre e t reat m ents, rem oved an d
ea le d wings were laid flat on top of a fluid medium in
 Petri dis h, an d th e wing base was glued to the edge
f the Petri dish using cyanoacrylate glue ( Fig. 3 Aii
nd B). For these flat-medi a trea tmen ts, a time-la pse
amera was posi tio ned a bov e th e dis h an d set to cap-
ure one image every 10 s (iPh on e tim e lapse using th e
rame og ra pher a pp to s et dis crete time-laps e intervals)
 Frame og rapher 2017–2018 ). Ha lfway t hrough t hese
 ria ls, the t ime interva l betwe en capture d frames was
ncr eased fr om 10 to 20 s, as this interval was de eme d
o provide sufficient dat a. In t he “DI H 2 O” t reat ment,
in gs w ere l aid flat on t he sur face o f deio nized water.
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Fig. 3 Schematic of autoexpansion treatments. ( A ) Wings w er e r emov ed from S. americana at 5, 10, 15, and 20 min into wing expansion, 
weighed, and randomly assigned to one of the following autoexpansion treatments. (i) Gravity: Wings w er e sealed at the base, glued to a 
glass slide, and hung with the wing tip pointing down (mimicking the orientation during intact expansion), with a time-lapse camera 
perpendicular to the wing. (ii) Flat media treatments, including deionized water , buffer , and mineral oil: Wings w er e sealed at the base, laid 
flat on the surface of a Petri dish filled with solution, and glued to the side of the dish. ( B ) Repr esentativ e initial and final images of wings at 
the start and end of their treatments. Boxes are color-coded to reflect treatment type (purple—gravity, blue—deionized water, 
orange—buff er, yello w—mineral oil) (forewing = FW, hindwing = HW). 
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Beca use wa t er is hypot onic t o (less concen tra ted than)
th e h em o l ymp h of the w ing , it i s possible th at osmo-
sis could drive fluid into the wings, a ffe ct ing autoexp an-
sio n. Thus, we co mp are d autoexp ansion in the DI H 2 O
t reat ment to a “buffer” t reat m ent, wh ere wings were
l aid flat on top of a p hosp hate buffer (HyClon e Ph os-
p hate B uffere d Sa lin e, con cen tra tion 1 ×, 0.0067 M),
whic h c lose ly mimics th e salin e sol u tio n used in p revi-



Expansion of grasshopper wings r ev eals external forces contribute to adult wing shape 7 

Fig. 4 Images of the developing wing pads of a fifth-instar nymph ( S. americana ). Over the juvenile life of a hemimetabolous, winged insect, 
the wing forms inside an external thoracic casing called the wing pad. ( A ) Intact wing pads with folded wings inside. Arrows point to 
forewing (pink) and hindwing (red). ( B ) Wing pad with outer exoskeleton of the right hindwing pad removed to show the developing wing. 
Dotted box indicates the region imaged (not exact location, but same specimen) and shown in C. In ( C ), the tight folding of the wing is 
visible, with longitudinal veins curled in a ribbon-like structure. ( D ) i, ii Scanning electron microscopy (SEM) of a forewing, and ( E )i, ii of a 
hindwing. Dotted boxes indicate exact region of magnified image to the right. Each of the major folds in the hindwing r epr esents 
longitudinal veins. Under the highest magnification, sensory spines can be seen folded in with the membrane ( E , right). All SEM scans w er e 
perf ormed b y James Weav er. Wing pr eparation by MKS. 
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us au toexpansio n exper iments. To deter min e wh eth er
urface tension contribut es t o the autoexpansion ob-
erved in the DI H 2 O or buffer t reat ments, we a lso per-
ormed a “minera l oi l” t reat ment, in which wings were
aid on top of hydrophobic mineral oil (clea r, pha rmacy
rade), which h a s s ubs tant ia l ly low er surface ten sion
h an hydrophilic fluid s such a s water or buffer (surface
en sion s of mineral oil, 28.09 ± 1.7 mN/m, dist i l le d
ater, 72 mN/m, an d ph osphate buffered saline, 69.5
N/m) ( Palasz et al . 2000 ; Mo zes et al. 2017 ; Yadav et al.

2020 ). 
Las tly, to inves t igate the folde d st ructure of the wings

 rio r to emer g ence (durin g ph a se 1), folded win gs w ere
isse cte d from recently sacrificed fifth-instar nymphs
n d ph otograph ed wi th b right field microscopy. Wings
er e then pr epar ed for scanning ele ct r on micr oscopy

SEM) by using a crit ica l point dryer to remove mois-
ure, th en m ounted an d sputt er-coat ed w ith pall adium
 Fig. 4 ). 
a  
nalysis 

 or the in tact wing trea tmen t, a total of 20
 ings (forew ings an d hin dwings) from 10 intact
rass h o p pers were imaged with time-lapse photog-
aphy across a 60-min time p erio d ( Fig. 3 B). For
u toexpansio n trea tmen ts on isola t ed wings, a t otal of
20 wings from 30 grass h o p pers w ere imag ed , aft er
ein g remov ed from the insect at 5, 10, 15, or 20 min

nto win g expan sion. The sample sizes w ere 42 win gs
from 21 indiv idu als) for the grav it y t reat ment, 26
ings (from 13 individ uals) fo r the deio nized water

 reat ment, 16 wings (from 8 individuals) for the buffer
 reat m ent, an d 8 wings (from 4 individuals) for the

inera l oi l t reat ment. Wings in the minera l oi l t reat-
ent sank to the bottom of the Petri dish (see Results),

o the sample size for this t reat ment was sma l ler than
or the others. 

Win g len gth (i .e ., spa n) a nd a r ea wer e measur ed on
 l l wings u sing FIJI (Im ageJ) ( Schin de lin et al. 2012 )
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(see Supplemen tary Ma terial ). Imag es w ere ca librate d
by the insect’s b o dy length (for the intact co ndi tio n),
a 30-cm ruler included in the image, or the diameter
of the 90-mm Petri dish (see Supp lementary Tab le S1 ).
Span wa s mea sured a s the di stance from wing base to
tip. A rea wa s mea sured after u sing FIJI’s free-h and tool
to trace the perimeter of each w ing . 

To analyze differences in forewing and hindwing ex-
pan sion betw een trea tmen ts, we first p o oled data for the
intact, grav it y, and deionized water trea tmen ts (those
wit h t he lar g est sample sizes). A n alyzing the fore- and
hin dwings separate ly, we g roupe d data according to
th e tim e at which win gs w er e r emoved fr om the in-
sect an d th e au toexpansio n t reat ments began (e.g., 5, 10,
15, or 20 min). To v isu alize differences, we c a lcu late d
m ean tren dlin es using MATLAB’s m ovm e an f unction.
We then used these av erag e data to ca lcu la te percen t ex-
pansion (in both wing length and area) for each treat-
ment/start ing t ime co mb inatio n, 

Percent expansion = 

L max − x(t ) removal 

x(t ) removal 
× 100 , (1)

where L max is the av erag e maximum length and
x ( t ) removal is the av erag e size at removal (5, 10, 15, or
20 min). We comp are d these percent exp ansion va lues
to data from intact win gs ov er the same time intervals
(i .e ., starting at 5, 10, 15, or 20 min). Fina l ly, to ca lcu late
the rate of win g expan sion (in both length and area), we
fit a linear r egr ession to the p o oled dat a from e ach tre at-
ment/start ing t ime co mb inatio n, fro m t he st art ing t ime
through 40 min into wing expansion. We comp are d the
slopes (expansion rates) from the autoexp ansion t reat-
men ts to da t a from t he int act win gs fit ov er t he s ame
t ime interva ls (se e Supplementa ry Figs. S2 a nd S3 ). 

Model of an intact, expanding wing 

An expandin g win g under g oes materia l and st ructura l
property chan g es an d is su bj e ct to a va riety of differ-
ent fo rces, incl uding gravi ty and internal pres s ure from
th e insect’s h em o l ymp h an d trach eal system. As an ini-
t ia l a ttem pt to m ode l th e co mplex p rocess o f wing ex-
pan sion, w e con sider grav it y as the only force acting
on the wing and sim ula te the w ing’s materi al proper-
ties using a Maxwell model , whic h is widely used in
th e fie ld of material science to sim ula te th e be havio r o f
v iscoel astic materi als. This m ode l co nsists o f a dashpot
(the vi scou s co mpo nent) and a spr ing (t h e e lastic com-
ponent) a rra n g e d in p ara l lel, with a m a ss (r epr esenting
the wing’s m a s s s ubj e cte d to g rav it y) pu l ling down from
th e en d (i .e ., the w ing tip; Fig . 8 A). Th e e las tic s pring
s tres s is p ropo rtio nal to strain: σ = E ε, where σ is s tres s,
ε is stra in, a n d E is Young’s m od ul us. The sp ring co n-
sta nt ca n be expr essed as EA / L , wher e A is the cr oss-
se ct iona l a rea a n d L is th e e qui lib ri um length (i .e ., the
fu l ly st ret c hed lengt h). For t he vi scou s da shpot, s tres s is
p ropo rtio nal to the strain rate: σ = ηd ε/ dt , where η is
the dynamic viscosi ty. Co mb ining these e quat ion s, w e
get 

1 

E 

dσ

dt 
+ 

σ

η
= 

dε

dt 
. (2)

This co mb ine d e quat io n is a linear rep resen ta tio n o f the
behavio r o f a v iscoel astic materi al and can be used to
predict the response of a material to different loading
co ndi tio ns. 

For an insect w ing , the strain on the wing can be ex-
pressed as ε = x ( t )/ L , where x ( t ) is the insta nta neous
lengt h of t he stret c hed po rtio n o f the w ing ( Fig . 8 A). For
the s tres s, we ne e d to consider s e veral different s cenar-
ios. First, when a wing is under grav it y, the s tres s σ =
F / A = M ( L − x ) g / �, where M is t he tot al wing m a ss,
� is the total wing volum e, an d g is the g ravitat iona l
cons tant. This s tres s is caused by grav it y acting on the
crump led, fo lded po rtio n o f the wing toward its distal
tip. Then, the a bov e e quat ion be comes 

− α

E 

dx 
dt 

+ 

α

η
(L − x) = 

1 

L 

dx 
dt 

. (3)

Here, α ≡ Mg / � is the weight per unit volume , whic h is
co nstant. The sol u tio n o f the a bov e e quat ion is a simple
exponent ia l funct ion: 

x(t ) = L [1 − exp (−βt )] = L [1 − exp (−t/τ )] . (4)

The inverse of the growth rat e , β , is a function of various
materia l propert ies of the wing: β = [ η(1/ αL + 1/ E )] −1 .
Th e physical m e aning of β ∼( η/ E ) −1 = E / η is t he ratio
bet ween el asticit y and v iscosit y. As β incre ases, t he wing
app roaches i ts final length mo re quickly. We can also
derive an an alogou s equation for chan g es in wing area 

a (t ) = A [1 − exp (−βt )] = A [1 − exp (−t/τ )] , (5)

where a ( t ) is t he inst ant aneous are a and A is the final
extended area. We use our measured experimental data
on chan g es in win g len gth x ( t ) a nd a rea A ( t ) over time to
deter mine t he value of β (the expansion rate) that best
fits the data, m ode ling th e f ore- a n d hin dwings sepa-
ra tely. Beca use a utoexpandin g win gs remov ed at differ-
ent time points had different starting sizes and differed
in their expansion behavior, we focused o n fitting the
m ode l only to pooled data from wings th at h ad been
removed at 10 min, and subj e cte d to the grav it y or DI
H 2 O t reat m ents (th e au toexpansio n trea tmen ts with the
lar g est sample sizes). We used data from the time of re-
moval (10 min) through 30 min, when expansion be-
gin s slowin g in many win gs. Fo r co mpariso n, we also fit
th e m ode l to da ta from in tact, expandin g win gs betw een
10 and 30 min of expansion. 

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icab121#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icab121#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icab121#supplementary-data
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Fig. 5 Changes in wing size and mass during intact wing expansion. ( A ) Wing length (i.e., wing span, above) and wing area (below) for 
forewings (pink) and hindwings (red) over time ( n = 10 intact grasshoppers). Photos of S. americana (middle) show wing unfurling and 
postural leg changes at times corresponding to those on the plots (indicated by dotted lines). ( B , C ) Average wing mass of forewings and 
hindwings r emov ed at t = 5, 10, 15, and 20 min (i–iv) for n = 30 grasshoppers. F or each bo x, the central mark is the median, and the 
bottom/top edges indicate the 25th and 75th percentiles. Whiskers extend to extreme data points. Asterisks indicate a significant 
difference in average wing mass between wings removed at the indicated time points. 
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esults and discussion 

ing pad morphology 

hile the focus of this work is on ph a se 2 of wing ex-
an sion, w e found that the init ia l folde d state of the
ings had not been imaged. The folds and dire ct iona l-

ty in which they expa nd a re a point of future study. Our
magin g rev e aled t ha t a t t he fif t h inst ar (dur ing ph a se
 of eclosion), the wings of S. am eric an a are highly
olded within the dorsal wing pad structure. The folded
tructur e is accor dion-lik e, with hiera rchical f olding of
he majo r lo ngi tudinal v ein s ( Fig. 4 ). This complex, hi-
ra rchical f olding is n ot seen in th e deve loping wings
 f ho mo meta bolous in sects (e .g., dipt era ns a nd lepi-
o p t erans), whic h do display so me folding alo ng the

o ngi tudinal v ein s durin g dev e lopm en t ( Tripa thi and
rvine 2022 ), but not to the same extent. In Fig. 4 C, the
olumn ar cell s th at a re f or med in t he wing pad dur-
n g dev e lopm ent ( Wig gleswort h 1954 ) can be cle arly

een. 

o  
omparing intact expansion and 

utoexpansion treatments 

 n intact S. a m eric an a (i .e ., no rmal co ndi tio n s), win g ex-
ansio n occurs wi thin 35–40 min at 25 

◦C ( Fig. 5 A). Af-
er th e hin dwings re ach t heir maximum are a at around
0 min, area begins to decline as the hindwings are
olded into a close d fan-li ke s hape an d th e grass h op-
er uses its hind legs to push the win gs, rotatin g the

or ewings to r est in their fina l, folde d configurat ion over
h e abdom en ( Fig. 5 A). In me asur in g win g len gth and
re a dur in g win g expan sion, w e did not distin guish
etwe en ma le a nd f ema le g rass h o p pers in this study
s their forewings were not significantly lar g er (p aire d
wo-tai le d t -test, P > 0.05). Adu lt, fu l ly exp ande d and
clerot ize d, ma le hindwings are sig nificantly sma l ler
ha n f emale hindwings (paired two-tailed t -test, P =
.02). How ev er, durin g win g expan sion, w e measured
in g len gth a nd a re a to f u l l exp ansion, when both sets
f wings reached exactly the same size. It is p lausib le that
ver th e n ext few days of m e la nization a nd sclerotiza-
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Fig. 6 Length and area changes in autoexpanding wings. ( A –D ) Length and area changes of autoexpanding wings r emov ed at at t = 5, 10, 15, 
and 20 min, overlaid on data from intact wings (dots), for wings subjected to autoexpansion treatments: ( A ) gravity, ( B ) DI H 2 O, ( C ) buffer, 
and ( D ) mineral oil. Data for individual forewings (FW) are shown by light gray lines, and those for hindwings (HW) by dark gray lines. 
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tion, th e hin dwings s lightly s hrink. Thi s i s a top ic fo r a
fut ure st udy on how sclerot izat ion and water loss over
the days following wing expansion change the w ing . 

D uring exp ansion, h em o l ymp h is already present in
win g v ein s ( Sa lce do et a l. 2023b ), and as exp ansion oc-
curs, S. am eric an a pumps h em o l ymp h into the v ein s,
which grow in diameter a nd cha n g e in s tiffnes s ( Elliott
1981 ). Chan g es in wing mass during the expansion pro-
cess can reve al t h e tim es at which this h em o l ymp h
pumping is most active ( Sa lce do et a l. 2023a ). Our data
on win gs remov ed a t 5-min in terva ls during exp ansion
( Fig. 5 B and C) show that wing mass increases signif-
ic antly bet ween 5 and 10 min into exp ansion (p aire d
two-tai le d t -test, P < 0.05), in both f orewings a n d hin d-
wings. Th e hin d wings disp lay an oth er significant in-
crease in mass between 15 and 20 min (p aire d two-
tai le d t -test, P < 0.05) that is not seen in the forewings.
Bot h of t h ese in crea ses in m a s s are mos t likely due to
an influx of h em o l ymp h into the expanding lumens of
the wing veins ( Wa sserth a l 1982 ). Betwe en sexes, wing
m a ss wa s not significa ntly different (pa ired two-ta iled
t -test, P < 0.05). 

The results of our autoexpansion experiments show
that some au toexpansio n does occur in both the
f orewings a n d hin d wings of S. am eric an a . How ev er, the
rate and extent of expansion (wh eth er or not isolated
wings re ached t he s ame final lengt h a nd/or a rea as in-
tact wings) varied widely between trea tmen ts, and dif-
fere d betwe en the f orewings a n d hin dwings. Few of th e
wings in the au toexpansio n t reat ments exp ande d to the
same final len gth s and area s a s intact win gs. Win gs that
wer e r emoved fr om the b o dy l ater in the w in g expan sion
process genera l ly reache d g reater fina l len gth s a nd a r-
e as t han t hose t hat wer e r em oved ear lier ( Fig. 6 ). In ad-
di tio n, the fo rewin gs g enera l l y disp layed mo re au toex-
pa nsion tha n th e hin dwings, an d wings autoexpan ded
to a greater extent in length than in area ( Fig. 6 ). 

In comparing the results from indiv idu al w ings au-
toexpanding on t he sur face of DI H 2 O versus buffer
( Fig. 6 B and C), there is no consisten t, significan t dif-
f erence in autoexpa n sion pattern s betw e en these t reat-
ments. This s ugges ts that fluid flow into o r ou t o f the
isolat ed , sea le d wing through the wing surface (due to
differences in sol u te co ncen tra tion) does not play a ma-
jor role in the autoexpansion of wings laid on a flat
me dium. Be cause t he s ample size of wings in the DI
H 2 O t reat ment was lar g er, w e ex clude d the buffer t reat-
ment f rom fur ther ana lyses. Simi larly, if surface tension
were pl ay ing a n importa nt role in dr iving t he autoex-
pansio n o f w ings l aid on flat medi a (e.g ., h e l p ing to pu l l
the wing open), we would expect to see dramatically dif-
fer ent r esults in the minera l oi l ver sus DI H 2 O wat er
t reat m ents, but th er e ar e no consistent differ ences (at
least not for the few wings that exp ande d before sink-
ing in th e min era l oi l; Fig. 6 B and D). Thus, w e ex cluded
th e min era l oi l t reat ments f rom fur ther a nalyses, a nd we
co ncl uded that the medi um u po n which isolated wings
a re la id does not a ffe ct the autoexp ansion process. 

To determine the effect of grav it y on wing autoexpan-
sion, and to com pare a utoexpandin g win gs to those de-
v elopin g on intact in sects, w e plotted mean tren dlin es
s h owing th e average changes in wing length a nd a rea f or
the grav it y a nd D I H 2 O t reat ments sep a rately f or each
start ing t im e, an d over laid th ese on m ean tren dlin es for
intact wing expansion ( Fig. 7 A and B). Because size var-
ied am ong in div idu als, the av erag e len gth a nd a rea of
wings wh en th ey wer e r emoved fr om th e grass h o p per to
b egin auto expandin g w ere n ot always th e sam e am ong
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Fig. 7 Average wing expansion over time for intact, gravity, and deionized water treatments. Plots show mean trendlines for pooled length 
[( A )i–iv] and area [( B )i–iv] data, with data from autoexpansion treatments separated according to the time of wing removal (5, 10, 15, or 
20 min) (solid lines—forewings, dashed lines—hindwings). ( C ) P er cent expansion in wing length (left) and area (right) over time. P er cent 
expansion was calculated from mean trendlines for each group of data separately, as the total change in length or area (maximum −
starting value) divided by the average starting length or area of each group at the time of wing removal. For comparison, separate 
calculations w er e performed on data from intact wings starting at the same times at which wings w er e r emov ed for autoexpansion 
tr eatments. Expansion curv es ar e offset from left to right to aid in visualization. 
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 reat m ents an d intact win gs, makin g i t difficul t t o det er-
ine overa l l t rends when data is plotted on an absol u te

c ale ( Fig . 7 A and B). How ev er, when expan sion curv es
o r intact, gravi ty, a nd D I H 2 O wings a re a lig ne d to the
 ame st artin g len gt h or are a, and percent expansion rel-
tive t o eac h g roup’s start in g dimen sion s (at t he s ame
ime points) are c alcul at ed , differen ces in th e extent of
u toexpansio n beco m e m or e appar ent ( Fig. 7 C). 

Th ese plots s h ow clear ly th at i sol ated w ings do not
ut oexpand t o t he s ame extent as wings t h at rem ain on
h e insect, an d th e y als o s ugges t that grav it y is non-
riv i al in win g expan sion ( Fig. 7 C). Gravity appears to
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play a role in len gthenin g the win g, p art icu la rly ea rly in
the process of wing expansio n (fro m < 5 min to 10 or
15 min), as win gs remov ed at these ear lier tim e points
an d su bj e cte d to the grav it y t reat ment exp ande d more
t han t hose in t he DI H 2 O tre a tmen t. Specifically, the
percent len gth expan sio n in fo r ewings r em oved at 5 an d
10 min was higher for wings in the grav it y trea tmen t
than in DI H 2 O ( Fig. 7 C, left). In the hindwings, the rate
and extent of length expansion of wings removed at 5,
10, and 15 min were s ubs tant ia l ly higher for wings in the
grav it y trea tmen t versus DI H 2 O, sugg estin g that grav it y
may con tin ue pl ay ing a role for slightly lon g er into the
expansio n o f hindw ings ( Fig . 7 C, lef t). In contrast to t he
differences seen in win gs remov ed early on, wings re-
moved later in the expansion process (15–20 min) typ-
ica l ly s h owed little differen ce betwe en t reat ments, sug-
g estin g t hat t he role o f gravi ty dec lines lat er in the ex-
pansio n p rocess. 

Grav it y also appears to play some role in increas-
ing the area of expanding wings, although in general,
autoexpandin g win gs did not ga in a r ea as r eadily as
th ey gain ed lengt h ( Fig. 7 C, r igh t). F orewin gs g ener-
a l l y disp layed mo re au toexpansio n o f are a t han hind-
w ings, and grav it y affects area expansio n fo r fo rewings
rem oved at 5, 10, an d 15 min, an d for hin dwings re-
moved at 5 and 10 min. Interestingl y, hind wings re-
moved at 15 or 20 min displayed an av erag e decrease
in a rea a fter being removed, s ugges ting t hat t h e hin d-
wings may begin folding pr ematur e ly with out th e in-
ternal pres s ure of h em o l ymp h pumping (which appears
to be s ubs tant ia l betwe en these t ime points; Fig. 5 C).
This loss of ar ea/pr ematur e folding in hindwings re-
moved a t la ter s ta g es is not seen in win gs in the DI
H 2 O t reat ment ( Fig. 7 C, right), perhaps because the sur-
face tension of the fluid holds wings in a pla na r con-
figurat ion. Overa l l, our findings that au toexpansio n o f
wing area was less than au toexpansio n o f length, and
that hindwings did not autoexpand as fu l ly as forewings,
indica te tha t h em o l ymp h p umping and o ther active
pr ocesses ar e p art icu larly im portan t for wings to ex-
pa nd in a rea, a nd f or expa nsion of the lar g e , pleat ed
hindwings. 

Fina l ly, our resu l ts o n wings in t he DI H 2 O tre a tmen t
confir m t ha t wings do a ut oexpand t o some ext ent in
bot h lengt h a nd a rea when sepa rated from the insect,
even in th e absen ce of grav it y, s ugges t ing that loca l pro-
cesses within the wing itself do a ffect wing expansion. 

Model of an intact, expanding wing 

Our exper iment al results s h ow that at le ast t hree fac-
t or s play a role in win g expan sio n: internal p res s ure
from th e h em o l ymp h an d trach e ae (int act wings ex-
pan d m ore fu l ly th an i sol ated w ings), grav it y (w ings
in the grav it y trea tmen t display grea ter expansion than
t hose in t he DI H 2 O t reat ment), and loca l processes
wit hin t he wing tis s ue (wings in the DI H 2 O treat-
m ent display som e au toexpansio n). Here, we m ode led
o ne o f these facto rs, gravi ty, acting o n a vi scoela stic
m ode l of th e wing t o det ermin e wh eth er a re lative ly
sim ple ma thema t ica l m ode l c an c apture some aspects
of the complex process of wing expansion ( Fig. 8 A
and B). 

Th e m ode l resu lte d in e quat io ns describ in g chan g es
in win g len gth a nd a rea over time as a function of β ,
the expansion rat e , and we used the model to find the
val ues o f β that bes t fit o bserv ed chan g es in win g len gth
a nd a re a in int act win gs, as w e ll as th ose rem oved at 10
min an d su bj e cte d to the g rav it y or DI H 2 O t reat ments.

The ca lcu late d va l ues o f β p rovide a better fit (i .e .,
higher R 

2 ) to data from the grav it y trea tmen t than to
data from the DI H 2 O t reat ment, which was expe cte d,
sin ce th e m ode l accounts fo r gravi ty acting lo ngi tudi-
na l ly (from base to tip) on the w ing , and thi s wa s not
present in the H 2 O t reat ments. 

In addi tio n, across a l l wing t reat ments (intact, g rav-
ity, and H 2 O), we found that ca lcu late d va l ues o f β p ro-
vide a better fit fo r data o n expansio n in wing length
than in wing area ( R 

2 values for length are approxi-
mately t w ice as high as those for area in most cases).
This concurs with our experimental findings, which
s h owed that au toexpansio n in length is far more suc-
cessf ul t ha n autoexpa nsion in are a, sug g estin g that in-
ternal pres s ures (an d/or oth er active pr ocesses) ar e
mo re impo rta nt f or a rea expa nsion tha n f or wing
len gthenin g. 

We also found that ca lcu late d va l ues o f β co nsistently
provided a better fit to data from the forewings than the
hin dwings. Th ese res ults a gree with our findings that
au toexpansio n is less successful in the hindwings, sug-
g estin g that internal pres s ure and active processes are
mo re impo rta nt f or their expa nsion. This lik e ly re lates
to structure and lar g er size of th e hin dwings, which are
corrugated and fan-like, with numerous long tubular
v ein s that span the entire wing (more so than in the
forewings). 

Overa l l, the resu l ts o f this ini t ia l m ode l s ugges t that
a n expa ndin g win g can b e mo deled as a simple vis-
coelas tic s tructur e. The r ole o f gravi ty in wing expan-
sion could be mor e pr ecise ly m ode led by accounting
for the time-varying m a ss (and thu s t ime-varying g rav-
i tatio nal fo rces) in expanding wings. Future m ode ls
tha t ca pture addi tio nal facto rs driv ing w ing expansion
would provide a fuller un derstan ding of the expansion
process, and a l low modeler s t o explo re the effects o f per-
turb at ions to the sys tem (e.g., los s of gravity at different
times during expansion, which could occur if an insect
moves to a sa f er location during wing em ergen ce). 
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Fig. 8 Model of an expanding, viscoelastic wing subjected to gravity. ( A ) Schematic of a partially unfolded wing under the force of gravity, 
modeled as an elastic spring and a viscous dash-pot in series (i.e., Maxwell Model). ( B ) Combined equations to describe the linear 
viscoelastic r esponse, wher e β r epr esents the modeled expansion rate. ( C –E ) Linear fits of the calcuated expansion rate ( β) to measur ed 
length and area data collected between 10 and 30 min from wings in the intact ( C ), gravity ( D ), and DI H 2 O ( E ) treatments. For the 
autoexpansion treatments, data from wings removed at a single time point (10 min) were used, as removal time affected expansion results. 
For direct comparison, data collected from intact wings over the same time interval (10–30 min) were used. 
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O ther cent ra l fact or s (orig inat ing from the main
 o dy) that influence win g expan sion include h orm on es
nd pres s ure due to pumpin g or gan s (influence of tho-
acic wing hearts and dorsal vessels) ( Pass et al. 2015 ;
a lce do et a l. 2023b ). As an inse c t goes throug h ecdy-
is it pumps in a suite of h orm on es to initiate the entire
 rocess ( W hi te and Ewer 2014 ) fro m exuv i ae splitting to
na l exp ansion. Th ese h orm on es are pumped through-
ut the b o dy but their sp e e d (h ow quickly th ey reach
erta in a reas of the insect) and concen tra tions are un-
nown. It m ay al so occur th at som e h orm on e init iat ion
 ay cau se oth er h orm on al ca scades, influen cing oth er

nse ct t is s ues, li ke loca l sig na ls on the w ing . 
Inco rpo rating the local processes that drive some

in g autoexpan sion ev en in th e absen ce o f gravi ty (i .e .,
n DI H 2 O t reat ments) wi l l re quire a g reater under-
t anding of t hes e process es and the mech ani sms by
hich t hey dr iv e autoexpan sion ( Tr ipat hi an d Irvin e
022 ). One p ro misin g av enue o f fu ture invest igat ion
ould be per for ming me asurements of material proper-

ies in different wing area s a s th ey un der g o autoexpan-
io n o n DI H 2 O, t o det ermin e wh eth er sp at ia l and/or
 emporal c han g es in materia l propert ies wit hin t he wing
is s ue may be driving some autoexpansion. It h a s al so
een over 40 years since the material properties of an ex-
andin g win g hav e be en measure d ( G la ser an d Vin cent
979 ), so nan oin den ta tion or other updated m eth ods of
at erial t esting could supp l y more reliable values for
 ode ling. 
Inco rpo rating the internal pres s ure due to

 em o l ymp h b eing pump ed into the wing is more
t raight forward, and cou ld even b e mo deled as a tem-
ora l ly va rying f orce (b ase d on the data s h own in
ig. 5 B and C, whic h indicat es that h em o l ymp h is
 ot n ecess ar ily pum ped consisten tly in to the wings

hro ugho u t expansio n, bu t rather d uring specific peri-
ds of time). Here, we outline an approach that could
 e incorp ora ted in to future m ode ls of a n expa nding
ing to account for the effects of internal h em o l ymp h
res s ure. In the case where the wing is subj e cte d to
 constant pres s ure source at the base, pres s ure can
e considered as a s tres s on the wing mat erial . The
res s ure in the w ing w i l l de crea se a s the wing expands.
 or exam ple, when a fluid conduit is a round tube of
adius R 0 , then the pres s ure drop along the length x
ecomes P ( x ) = P 0 − 8 μ ( U / R 

2 ) x , where U is t he lengt h
 f the “p i pe” an d μ is th e dy namic v iscosit y. This is due
o the vi scou s s tres s in tiny v essels. So, w e a pproxima te
= ζ ( L − x ), where ζ depends on the pres s ure source.

he sol u tio n o f the g ov ernin g e quat ion wi l l have the
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sa me f orm as our e quat io n fo r chan g es in win g len gth
due to grav it y, but with a different constant: 

− ζ

E 

dx 
dt 

+ 

ζ

η
(L − x) = 

1 

L 

dx 
dt 

, (6)

ζ

η
(L − x) = 

(
ζ

E 

+ 

1 

L 

)
dx 
dt 

→ 

1 

(L − x) 
dx = 

ζ

η

(
ζ

E 

+ 

1 

L 

)

dt → log (L − x) /L = −ζ

η

(
ζ

E 

+ 

1 

L 

)−1 
t. 

Its sol u tio n beco mes 

x(t ) = L [1 − exp (−κt )] , (8)

wh ere th e constant, κ , i s given a s 1 
η

(
1 
ζL + 

1 
E 

)−1 
. Here,

κ i s al s o the invers e of t he growt h rate (r epr esenting the
expansio n rate), bu t fo r the effect o f internal p res s ure
rat her t han grav it y. 

Conclusions: wing autoexpansion in 

orthopterans 

Th e ph en om en on of autoexpansion h a s been observed
previously in two other ortho p teran species, L. mi-
grat o ri a an d S. gregari a ; h ow ev er, t hese e arlier studies
examine d on ly len gth chan g es in the forewin gs of a
sma l l number of wings laid flat on buffer. In this study,
we quant ifie d autoexp ansion in bot h t he forewings
an d hin d wings of S. am eric an a , documentin g chan g es
in both wing length a nd a rea in lar g e numbers of
wings, a nd compa r ing t he resul ts fo r win gs remov ed at
f our differen t time poin ts durin g win g emer g ence. We
a lso thorough ly documente d chan g es in win g len gth
a nd a re a dur in g expan sion in intact win gs, an d m ea-
sured m a ss ch an g es that occur in expanding wings to
ga in inf o rmatio n abou t wh en h em o l ymp h pumping oc-
curs during exp ansion. Fina l ly, we per for med a ser ies
of different au toexpansio n experiments to determine
wh eth er th e au toexpansio n seen in w ings l aid flat on
fluid media is due to fluid flux across the wing surface
or surface tension of the fluid , and t o det er mine whet her
grav it y pl ays a role in wing expansio n, as o rtho p terans
t ypic a l ly hang with their wing tips pointed downward
durin g expan sion. 

Our dat a confir m t ha t wing a u toexpansio n occurs
in S. am eric an a , as in the locusts L. mi grat o ri a an d S.
grega ria . Ho w ev er, in contrast to previous studies, we
found tha t a utoexpandin g win gs fai le d t o increase t o
t he s ame final lengt h as int act wings ( Figs. 3 and 6 ).
G la ser an d Vin cent did a l l ude to inco mplete expansio n,
and it is uncle ar whet her t he percent expansion data
they reported for L. mi grat o ria ( Fig. 1 B) were sca le d to
the final length of intact wings, or to the final length
o f each au toexpandin g win g itself ( G la ser an d Vin cent
1979 ). In our experimen ts, a utoexpandin g win gs of S.
am eric an a rarel y re ach f u l l lengt h (t he wing tips remain
pin ch ed an d un expan ded), or full area, unless removed
a t la te s ta g es durin g expan sion (i .e ., at 20 min, aft er
the wings have already gained significant m a ss through
h em o l ymp h pump ing). Desp i te not fu l ly exp an ding, th e
wings of S. am eric an a con tin ue to da rk en a nd stiffen f or
hour s aft er aut oexpan sion, sugg estin g that some local
p rocesses co n tin ue for h ours. Th e wings are a uniform,
p a le yel low color at the beginning of ph a se 2 (start of ex-
pa nsion) a nd begin to chan g e co lor mid way through ex-
pansio n. Au toexpandin g win gs con tin ue da rk ening un-
t i l t hey re ach a colo ratio n similar to that of intact wings,
alt hough t he wings are not as stiff and the membranes
are slightly opaque, in co mpariso n to the clear mem-
branes seen in intact, fu l ly develope d wings. 

O ur study a lso s h ows that grav it y pl ays an impor-
tant role in au toexpansio n, pa rticula rly ea rly in the pro-
cess of wing expa nsion. Ma ny insects, ou tside o f o r-
tho p terans, use grav it y to t heir advant age to not only
pu l l their b o dies from their juvenile fo rm bu t also ex-
pan d th eir wings ( Sa lce do et a l. 2023a ). We found that
win gs remov ed e arly dur in g emer g ence (5 or 10 min for
fo rewings; 5, 10, o r 15 min for hindwings) exp ande d
more fu l ly in length wh en su bj e cte d to g rav it y (i .e ., hung
wit h t he win g tip facin g down), a lthough g rav it y was not
as h e l p fu l in exp ansio n o f wing area. It is w orth notin g
that some ortho p terans, sma l ler crick ets, f or exa mple,
do not r equir e sp ecific p osi tio ns fo r win g expan sion,
an d may n ot use grav it y in t he s ame way (personal ob-
s ervation). Thes e cr ickets, wit h wings modified to pro-
duce sound, can expand their wings under ne at h sur-
faces and move around during the pr ocess. Ther e could
be mu lt iple fact or s here where sma l ler inse cts may not
ne e d the same dynamic hydraulic processes or perhaps
how wings are used by the insect may result in a differ-
ent type of wing expansion. 

Th e m o re limi ted au toexpansio n w e observ ed in
wing area, as well as our measurements of chan g es in
m a ss dur ing int act expa nsion ( Fig. 5 B a nd C), sug-
g ests that hy draulic pumpin g of h em o l ymp h into the
w ings pl ays a n importa nt role in increasing the area
of expanding wings, and p art icu larly in driving expan-
sio n o f the lar g e , pleat ed hindwings. To ac hieve a hy-
dra ulic differen tial, the unfolded po rtio n o f the wing
(th at unfold s during ph a se 1) i s stiffer th a n the f olded
po rtio n ( G la ser an d Vin cent 1979 ). At th e beginning
of ph a se 2 ( Fig. 2 B), h em o l ymp h is p umped thro ugh
win g v ein s into the unfolde d port ion, esta blishin g a
pres s ure gradient between t he insect, t he unfolded por-
tio n o f the w ing , an d th e dista l l y fo lded w ing . When
wings are removed and sea le d for autoexpansion ex-
per iments, t hi s m a inta ins the pres s ure gradient estab-
lis h ed by the insect at that time po int, bu t does not ac-
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ount f or a ny subsequent cha n g es in win g pres s ure and
 em o l ymp h content that wou ld norma l ly occur after
his time. 

Th e differen ces b etween our auto exp ansion resu lts
n d th ose o f p revious studies o n L. mi grat o ri a an d S.
regaria could be due to m eth odolog ica l differences or
ndiv idu al vari atio n co mb ined wi th small sample sizes
n previous studies, or they could be due to actual
ifferences in wing emer g ence p rocesses amo ng these
pe cies. Whi le p hysio log ica l ly simi lar to the cl assic a l ly
tudied S. grega ria , S. a m eric an a lacks the behavioral
o l yp henism o f densi t y-dependent swarming . The final
ymph instars of S. a merica na are less active than those
f S. gregaria and do not respond to density shifts, even

f over cr owded thr o ugho ut th eir deve lopm ent ( Sword
003 ). In contrast, the desert lo cust S. gregar i a (as we ll as
. mi grat o ria ) is a swarming species with cannib a list ic
e haviors. In th ese species, th e loca lize d cues t hat dr ive
in g autoexpan sion could increase the rate of wing ex-
ansion (a hypothesis that remains to be explored) by
hift ing from cent ra lize d to loca l cont r ol cues, r educ-
ng the li keli ho o d o f succumb ing to cannib a lism before
in g emeg ence is complet e . 
How ev er, th e presen ce of win g autoexpan sion in S.

m eric an a as w ell sugg ests that these local cues may
erve a broader purp ose, p erhaps in hel p ing to ensure
on sistent, relia ble win g expan sion (i .e ., as a fa il-sa f e
ech ani sm), in reducin g ener g etic and processin g de-
 and s by shifting some aspects of development from

ent ra l to loca l cont r ol, or in pr ov iding ad aptive flex-
b ili ty that allows dev elopin g anim al s to move around
riefly to find a sa f er a rea, wi thou t co mp letel y disrupt-

ng the p rocess o f wing expansio n. Co nfirmatio n that
in g autoexpan sion occurs in the widely studied labo-

atory animal S. am eric an a , a s well a s our ear ly dem on-
t rat ion that at least some aspects of this process can
 e mo dele d and explore d m athem at ica l ly, provides a
ractable new system for the explo ratio n o f high er leve l
uestio ns co ncer ning t h e m ech ani sms of wing expan-
ion and the im plica tio ns o f au toexpansio n in intact
nim al s. In addi tio n, expandin g in sect win gs, which
or ph f rom a thin, m embran ous, hierarchica l l y fo lded

tructure to a st iffene d planar wing through inflation
ith a sma l l amount o f fluid, could p rovide b io insp ira-

io n fo r fu ture t ec hno logies app licab le to micro-air ve-
icles, sp ace explorat ion, or me dica l and prosthet ic de-
ices. 
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