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Synopsis  Ecdysis, transformation from juvenile to adult form in insects, is time-consuming and leaves insects vulnerable to
predation. For winged insects, the process of wing expansion during ecdysis, unfurling and expanding the wings, is a criti-
cal bottleneck in achieving sexual maturity. Internal and external forces play a role in wing expansion. Vigorous abdominal
pumping during wing expansion allows insects to pressurize and inflate their wings, filling them with hemolymph. In addition,
many insects adopt expansion-specific postures and, if inhibited, do not expand their wings normally, suggesting that external
forces such as gravity may play a role. However, two previous studies over 40 years ago, reported that the forewings of swarming
locusts can expand autonomously when removed from the emerging insect and laid flat on a saline solution. Termed “autoex-
pansion,” we replicated previous experiments of autoexpansion on flat liquid media, documenting changes in both wing length
and area over time while also focusing on the role of gravity in autoexpansion. Using the North American bird grasshopper
Schistocerca americana, we tested four autoexpansion treatments of varying surface tension and hydrophobicity (gravity, deion-
ized water, buffer, and mineral oil) while simultaneously observing and measuring intact, normal wing expansion. Finally, we
constructed a simple model of a viscoelastic expanding wing subjected to gravity, to determine whether it could capture aspects
of wing expansion. Our data confirmed that wing autoexpansion does occur in S. americana, but autoexpanding wings, espe-
cially hindwings, failed to increase to the same final length and area as intact wings. We found that gravity plays an important
role in wing expansion, early in the expansion process. Combined with the significant mass increase we documented in intact
wings, it suggests that hydraulic pumping of hemolymph into the wings plays an important role in increasing the area of ex-
panding wings, especially in driving expansion of the large, pleated hindwings. Autoexpansion in a non-swarming orthopteran
suggests that local cues driving wing autoexpansion may serve a broader purpose, reducing total expansion time and costs by
shifting some processes from central to local control. Documenting wing autoexpansion in a widely studied model organism
and demonstrating a mathematical model provides a tractable new system for exploring higher level questions about the mech-
anisms of wing expansion and the implications of autoexpansion, as well as potential bioinspiration for future technologies
applicable to micro-air vehicles, space exploration, or medical and prosthetic devices.

Introduction

When an insect undergoes ecdysis, it must complete
a myriad of delicate processes, including wing expan-
sion, to transform from juvenile to adult. Eclosion is a
time-consuming transformation, costly, and leaves in-
sects vulnerable to predation. Insects display two main
metamorphosis strategies: complete (holometabolous)
metamorphosis, which is characterized by a larval stage,
an inactive pupal stage, and emergence as an adult, and
incomplete (hemimetabolous) metamorphosis, charac-
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terized by sequential instars (immature stages of in-
creasing size, similar in shape to the adult) (Gullan and
Cranston 2014).

Before insects reach the adult stage, their wings be-
gin to develop. In holometabolous insects, such as Lep-
idoptera (i.e., butterflies and moths), the wings form
during the pupal stage. Upon eclosion, the wings ex-
pand, increasing substantially in length and area, but
with little unfolding along the primary longitudinal
veins. In hemimetabolous insects, the wings develop in-
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Fig. | Autonomous expansion of L. migratoria and S. gregaria. (A) Previous autoexpansion experiments involved removing 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. Arrows indicate data from the
same animal. (C) Adapted from Elliott (1981), expansion of wings of S. gregaria removed from the insect at various time points
(approximately 8, I5,and 18 min). Wings were sealed and laid on saline, and their expansion was compared to that of intact wings (solid

line).

side wing pads, outer casings that enclose the develop-
ing wings, which appear at later stages of development
(depending on the insect) (Gullan and Cranston 2014).
Between instars, the wing pad increases in length and
width, and the expanding wing inside is a tightly folded,
membranous appendage filled with hemolymph, tra-
cheae, nerves, and rapidly changing cells (Carothers
1923). The wing forms within the wing pad by first lay-
ing out lines of tracheae to supply air to the forming
tissues (Wigglesworth 1954). As veins form around tra-
cheae and growth of the wing tissue continues, the veins
and membrane tissue between veins begin to fold in on
themselves. As a nymph grows closer to eclosion, the
wing pad becomes thicker and the folded wing is visible
within the wing pad.

Eclosion requires a suite of hormonal triggers and
motor programs (Carlson 1977; Hughes 1980b, 1980c¢)
to initiate normal head and appendage emergence from
the exuviae (juvenile casing). The wing structure it-
self is formed based on numerous signaling pathways
(Tripathi and Irvine 2022). Upon ecdysis, the wing
is extracted from its wing pad and expansion begins
(Hughes 1980a; Elliott 1981). Hemolymph circulates

through the wing during the expansion phase to redis-
tribute cells and remove apoptotic cells (Pass et al. 2015;
Salcedo and Socha 2020). Vigorous abdominal pump-
ing motions and wing flexing during expansion suggest
that inflation with hemolymph is a primary driver of
wing expansion (Glaser and Vincent 1979; Salcedo et al.
2023a). In addition, hormones circulating throughout
the wing, such as bursicon, help initiate and regulate
wing expansion (White and Ewer 2014). For winged in-
sects, the process of unfolding and expanding the wings
after eclosion is a critical bottleneck in achieving sexual
maturity.

Some hemimetabolous insects display a phe-
nomenon known as “autonomous inflation” or “au-
toexpansion,” in which wings mechanically separated
from the insect’s body continue to unfold and expand,
independent of the insect (Fig. 1). The existence of
autoexpansion suggests an additional shortcut or po-
tential fail-safe to ensure that wing expansion occurs
quickly and successfully, even in the absence of active
hemolymph pumping or other motor programs. Two
previous studies reported that the forewings of two
swarming locust species, Locusta migratoria (Glaser
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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 lll and IV as phase |
(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).

and Vincent 1979) and Schistocerca gregaria (Elliott
1981), autoexpand when removed from the emerging
insect, if they are sealed, and laid flat on a saline solution
(Fig. 1A and B). Autoexpanding wings are reported
to achieve the same final length as intact wings (those
still attached to the insect), but elongation occurs at
a slower rate, and it is not clear whether wings also
reached full area in these studies.

In a secondary experiment, wings laid on top of a so-
lution containing cyanide ceased expansion completely

(Glaser and Vincent 1979), suggesting that autoexpan-
sion requires living cells. Elliott (1981) found that auto-
expansion rates in S. gregaria were affected by the time
point at which the wings were removed from the insect
(Fig. 1B). He also performed one of the first experiments
measuring intact (attached to the insect) wing length-
ening during wing expansion (Fig. 2A). Taken together,
these studies showed that (1) continuous pressure (gen-
erated by the insect’s active hemolymph pumping) is not
the only driver of wing expansion and (2) local cues
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or processes occurring along the wing can continue to
drive expansion, even in the absence of active, central
control. The phenomenon of autoexpansion provides
an opportunity to comprehensively quantify how wings
unfurl (in 2D) during expansion, and to experimentally
probe the contributions of various physical forces dur-
ing normal wing expansion.

Eclosion and wing expansion in
grasshoppers

Schistocerca americana, or the American grasshopper,
is an orthopteran (suborder Caelifera, family Acridi-
dae) whose genus has been used widely in studies of
insect flight and biomechanics (Weis-Fogh and Jensen
1956; Wootton et al. 2000; Taylor and Thomas 2003),
and its physiology is broadly used in studies on ox-
idative stress (Harrison et al. 2005) and pesticide us-
age (Sandoval-Mojica and Capinera 2011). Members of
family Acrididae appear to undergo similar wing expan-
sion processes (personal observation of Dissosteira car-
olina and Chortophaga viridifasciata) (Carothers 1923),
and this family includes highly studied locusts S. gre-
garia and L. migratoria, which are known to display
wing autoexpansion (Fig. 1). Confirming that S. amer-
icana wings are capable of autoexpansion could pave
the way for future studies on the mechanics of wing
expansion, hormonal cues involved in wing expansion,
and biomimicry of wing autoexpansion for soft robotics
(White and Ewer 2014).

The timing and stages of emergence in orthopterans
are highly predictable, following the six principal of be-
havioral events laid out by Elliott (1981) and Hughes
(1980a) (Fig. 2B). Here, we have adopted Glaser and
Vincent’s (1979) reclassification of stages III, IV, and
V into phases 1 and 2. Phase 1 encompasses stages III
and IV, which include emergence, full extraction of the
nymph (and all its appendages) from its juvenile casing,
and partial stretching of the wing. Phase 2 encompasses
all of stage V, the expansional phase, during which the
wing fully lengthens, increases in area, and refolds into
its adult configuration.

Prior to phase 1, the cuticle begins to soften, likely
triggered by bursicon (Elliott 1981; White and Ewer
2014). Once emergence begins, the grasshopper hangs
by the tip of its abdomen and inspires deeply every 20-
60 s, maintaining high pressure in both the gut and
the tracheal system (Elliott 1981). As the head emerges
from the juvenile casing (exuviae), followed by the an-
tennae and legs, old tracheal linings are pulled out of
the thoracic and abdominal spiracles. The insect curves
backward, head first, gulping in air to inflate its gut.
Maximum abdominal pressures occur during the pro-
cess of wriggling and emergence from the juvenile form
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(Elliott 1981), and waves of contractions are neces-
sary to first split the cuticle of the exuviae. The highest
pressures occur during phase 1, and pressure declines
steadily into phase 2 (Elliott 1981).

Schistocerca americana uses the extraction phase
(phase 1) as a way of partially stretching the folded wing.
Due to the decrease in cuticle stiffness and the action of
passing the folded wing through a small opening in the
wing pad, the wing increases to 40% of its overall (fi-
nal) length by the end of phase 1 (Elliott 1981). Phase
1 lasts from 15 to 20 min, and after hanging from the
tip of the exuviae for several minutes (4-10 min, de-
pending on size), the nymph flips forward and begins
wing expansion (phase 2). During phase 2, the insect
positions itself with partially stretched wings hanging
vertically. Compression bouts of the expansional mo-
tor program, which manifest as strong flexing of the
flight muscles, result in the wings being pulled laterally
(Hughes 1980a, 1980c), and the insect begins pump-
ing the wings full of hemolymph, causing them to ex-
pand downward (Supplementary Fig. S1). As the wings
expand, they become clear, losing their cloudy yellow
color. At approximately 15-18 min into phase 2, the
wings (both forewings and hindwings) reach their full
length and area, and corrugation (a 3D feature of the
adult wing) begins to appear. After 25 min, the wing
“loses” area as it begins to refold. Corrugation becomes
more defined over the next 20 min, and wing expan-
sion is complete when the hind legs assist in placing the
forewings over the hindwings, squeezing the wings into
their folded position over the abdomen. The wing cu-
ticle will continue to melanize over the next 24 hours,
thicken over the following 10-12 days (Banerjee 1988),
and hemolymph will continue to circulate in the adult
wing (Salcedo and Socha 2020; Salcedo et al. 2023b).

Eclosion can go wrong at any point, resulting in the
insect’s head and/or appendages remaining within the
exuviae, and causing wing expansion to cease. Addi-
tionally, if the wing hinges are damaged and leaking
hemolymph, the wings fail to extend to their full length
(personal observation). In the last stages of wing expan-
sion, specifically for Orthoptera, if multiple appendages
have been lost, the insect may not be able to fold its
newly expanded adult wings into their proper adult con-
figuration.

In many insects, wing expansion will not occur nor-
mally if expansion behaviors are inhibited. Some insects
(e.g., dragonflies) must remain stationary (and vulner-
able to predation) during wing expansion, whereas S.
americana (and other orthopterans) are able to move
around frequently during phases 1 and 2. Autoexpan-
sion could have several potential benefits, including re-
ducing the overall cost of wing expansion (by min-
imizing active control) and speeding up the expan-
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sion process. In addition, for insects that emerge in
large cohorts that may be cannabalistic (such as gre-
garious, swarming locusts), autoexpansion processes
could ensure that wing expansion and maturation
occur, while allowing insects to move around and
reduce their risk of succumbing to cannibalism or
predation.

Autoexpansion may be a vital strategy for ensuring
wing expansion and increasing survival in crowded or
risky environments. However, this process has received
no attention beyond a few early studies (Fig. 1), and
it is not known if autoexpansion occurs in S. ameri-
cana, a well-studied (but non-swarming) model species
frequently used in studies of insect flight and agricul-
ture (Sword 2003). Here, we determine whether non-
swarming grasshoppers (S. americana) exhibit wing au-
toexpansion like their swarming relatives, and capitalize
on the phenomenon of autoexpansion to explore the rel-
ative roles of external forces, local cues, and centrally
controlled processes in the expansion of orthopteran
forewings and hindwings. We asked several questions:
(1) Given the common insect behavior of hanging with
wings pointed downward, what is the role of gravity in
wing expansion? (2) Were previous findings of autoex-
pansion in isolated forewings influenced by fluid move-
ment into/out of wing tissues or by the surface tension
of the fluid that wings were laid upon? (3) Does auto-
expansion occur to a similar extent in the larger, more
complex hindwings to that in the simpler forewings of
grasshoppers? (4) How well does a linear model of a
viscoelastic material, subjected to gravity, capture wing
expansion processes in the forewings and hindwings of
grasshoppers?

Methods and experimental treatments
Care of insects and timing of eclosion

Schistocerca americana nymphs (second to fourth in-
stars) were obtained from USDA (Sidney, Montana),
maintained at 30-35°C (16:8 h light cycle), and reared
in accordance with United States Department of Agri-
culture APHIS permits (#: P526P-16-04590). Before
eclosion, nymphs were regularly fed romaine lettuce,
which supplied nutrition and water. Adults were sepa-
rated from nymphs after eclosion.

When fifth-instar S. americana nymphs were ready to
eclose, they searched for an appropriate perch and be-
gan ecdysis. For our studies, the time when the folded
wings were freed from the exuviae was noted as time
“zero,” from which all experiments were timed. In a
colony with 100-200 individuals, nymphs emerged at
staggered intervals, with approximately 10-20 individ-
uals emerging per day. Most eclosions occurred in the

late evening and early morning, between the hours of 5
pm and 9 am.

Wing expansion treatments: weighing and
imaging

At the beginning of phase 2 (time zero; Fig. 2B), in-
sects were removed from the rearing cage and weighed.
For “intact” treatments, where wing expansion was ob-
served under normal conditions (with wings remaining
attached), insects were removed from the rearing cage
at time zero and allowed to hang from a board in the
center of a cylindrical cardboard tube with a bright LED
light panel above. The board was angled at —45° (down-
ward), as insects placed on vertical boards or those an-
gled upward at +45° would constantly move to find
a preferred angle. Wing expansion was recorded using
time-lapse photography with two video cameras (Log-
itech 1080p Pro Webcams) placed orthogonally (dorsal
and lateral views), set to capture one image per 45 s until
both wings were folded back against the abdomen.

For wing autoexpansion treatments, after being
weighed at time zero, insects were placed back in the
rearing cage for 5, 10, 15, or 20 min. Near the end of
each of these time points, insects were removed from
the rearing cage, weighed (with all wings attached),
and then all four wings were carefully removed (spring
scissors, Fine Science Tools), weighed individually, and
sealed at the cut end/wing base with cyanoacrylate glue
(to prevent fluid loss). The insects’ bodies were quickly
wrapped in Kimwipes, labeled, and placed in a —80°C
freezer for storage, and removed wings were randomly
assigned to autoexpansion treatments (Fig. 3).

Four different autoexpansion treatments were per-
formed on wings. In the “gravity” treatment, isolated
wings were glued (from the wing base) to a glass slide
and hung vertically in the same orientation as during
intact emergence (Fig. 3Ai). Wings were then placed in
front of a white background with a time-lapse camera
oriented perpendicular to the wing surface, and one im-
age was captured every 5 min.

For the remaining three treatments, removed and
sealed wings were laid flat on top of a fluid medium in
a Petri dish, and the wing base was glued to the edge
of the Petri dish using cyanoacrylate glue (Fig. 3 Aii
and B). For these flat-media treatments, a time-lapse
camera was positioned above the dish and set to cap-
ture one image every 10 s (iPhone timelapse using the
Frameographer app to set discrete time-lapse intervals)
(Frameographer 2017-2018). Halfway through these
trials, the time interval between captured frames was
increased from 10 to 20 s, as this interval was deemed
to provide sufficient data. In the “DI H,O” treatment,
wings were laid flat on the surface of deionized water.
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Fig. 3 Schematic of autoexpansion treatments. (A) Wings were removed 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 were 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. (i) Flat media treatments, including deionized water, buffer, and mineral oil: Wings were 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) Representative 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—buffer, yellow—mineral oil) (forewing = FW, hindwing = HW).

Because water is hypotonic to (less concentrated than)  treatment to a “buffer” treatment, where wings were
the hemolymph of the wing, it is possible that osmo-  laid flat on top of a phosphate buffer (HyClone Phos-
sis could drive fluid into the wings, affecting autoexpan-  phate Buffered Saline, concentration 1x, 0.0067 M),
sion. Thus, we compared autoexpansion in the DIH,O  which closely mimics the saline solution used in previ-
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250 pm

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 represents
longitudinal veins. Under the highest magnification, sensory spines can be seen folded in with the membrane (E, right). All SEM scans were

performed by James Weaver. Wing preparation by MKS.

ous autoexpansion experiments. To determine whether
surface tension contributes to the autoexpansion ob-
served in the DI H,O or buffer treatments, we also per-
formed a “mineral oil” treatment, in which wings were
laid on top of hydrophobic mineral oil (clear, pharmacy
grade), which has substantially lower surface tension
than hydrophilic fluids such as water or buffer (surface
tensions of mineral oil, 28.09 & 1.7 mN/m, distilled
water, 72 mN/m, and phosphate buffered saline, 69.5
mN/m) (Palasz et al. 2000; Mozes et al. 2017; Yadav et al.
2020).

Lastly, to investigate the folded structure of the wings
prior to emergence (during phase 1), folded wings were
dissected from recently sacrificed fifth-instar nymphs
and photographed with bright field microscopy. Wings
were then prepared for scanning electron microscopy
(SEM) by using a critical point dryer to remove mois-
ture, then mounted and sputter-coated with palladium
(Fig. 4).

Analysis

For the intact wing treatment, a total of 20
wings (forewings and hindwings) from 10 intact
grasshoppers were imaged with time-lapse photog-
raphy across a 60-min time period (Fig. 3B). For
autoexpansion treatments on isolated wings, a total of
120 wings from 30 grasshoppers were imaged, after
being removed from the insect at 5, 10, 15, or 20 min
into wing expansion. The sample sizes were 42 wings
(from 21 individuals) for the gravity treatment, 26
wings (from 13 individuals) for the deionized water
treatment, 16 wings (from 8 individuals) for the buffer
treatment, and 8 wings (from 4 individuals) for the
mineral oil treatment. Wings in the mineral oil treat-
ment sank to the bottom of the Petri dish (see Results),
so the sample size for this treatment was smaller than
for the others.

Wing length (i.e., span) and area were measured on
all wings using FIJI (Image]) (Schindelin et al. 2012)
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(see Supplementary Material). Images were calibrated
by the insect’s body length (for the intact condition),
a 30-cm ruler included in the image, or the diameter
of the 90-mm Petri dish (see Supplementary Table S1).
Span was measured as the distance from wing base to
tip. Area was measured after using FIJT’s free-hand tool
to trace the perimeter of each wing.

To analyze differences in forewing and hindwing ex-
pansion between treatments, we first pooled data for the
intact, gravity, and deionized water treatments (those
with the largest sample sizes). Analyzing the fore- and
hindwings separately, we grouped data according to
the time at which wings were removed from the in-
sectand the autoexpansion treatments began (e.g., 5, 10,
15, or 20 min). To visualize differences, we calculated
mean trendlines using MATLAB’s movmean function.
We then used these average data to calculate percent ex-
pansion (in both wing length and area) for each treat-
ment/starting time combination,

Loy — x(t
Percent expansion = M x 100, (1)

X(t) removal

where Ly, is the average maximum length and
X(E)removal 1S the average size at removal (5, 10, 15, or
20 min). We compared these percent expansion values
to data from intact wings over the same time intervals
(i.e., startingat 5, 10, 15, or 20 min). Finally, to calculate
the rate of wing expansion (in both length and area), we
fitalinear regression to the pooled data from each treat-
ment/starting time combination, from the starting time
through 40 min into wing expansion. We compared the
slopes (expansion rates) from the autoexpansion treat-
ments to data from the intact wings fit over the same
time intervals (see Supplementary Figs. S2 and S3).

Model of an intact, expanding wing

An expanding wing undergoes material and structural
property changes and is subject to a variety of differ-
ent forces, including gravity and internal pressure from
the insect’s hemolymph and tracheal system. As an ini-
tial attempt to model the complex process of wing ex-
pansion, we consider gravity as the only force acting
on the wing and simulate the wing’s material proper-
ties using a Maxwell model, which is widely used in
the field of material science to simulate the behavior of
viscoelastic materials. This model consists of a dashpot
(the viscous component) and a spring (the elastic com-
ponent) arranged in parallel, with a mass (representing
the wing’s mass subjected to gravity) pulling down from
the end (i.e., the wing tip; Fig. 8A). The elastic spring
stress is proportional to strain: o = Ee, where o is stress,
€ is strain, and E is Young’s modulus. The spring con-
stant can be expressed as EA/L, where A is the cross-
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sectional area and L is the equilibrium length (i.e., the
fully stretched length). For the viscous dashpot, stress is
proportional to the strain rate: o = nde/dt, where 7 is
the dynamic viscosity. Combining these equations, we
get

ldo o de 5
T ar + ; = (2)
This combined equation is a linear representation of the
behavior of a viscoelastic material and can be used to
predict the response of a material to different loading
conditions.

For an insect wing, the strain on the wing can be ex-
pressed as € = x(t)/L, where x(¢) is the instantaneous
length of the stretched portion of the wing (Fig. 8A). For
the stress, we need to consider several different scenar-
ios. First, when a wing is under gravity, the stress o =
FIA = M(L — x)g/<2, where M is the total wing mass,
Q2 is the total wing volume, and g is the gravitational
constant. This stress is caused by gravity acting on the
crumpled, folded portion of the wing toward its distal
tip. Then, the above equation becomes

adx o 1dx

— e (L) = ——. 3

T " (L —x) T (3)
Here, @ = Mg/< is the weight per unit volume, which is
constant. The solution of the above equation is a simple

exponential function:
x(t) = L[1 — exp(—pt)] = L[1 — exp(—t/7)]. (4)

The inverse of the growth rate, 8, is a function of various
material properties of the wing: 8 = [n(1/aL + 1/E)] "
The physical meaning of 8 ~(n/E)~! = E/n is the ratio
between elasticity and viscosity. As f increases, the wing
approaches its final length more quickly. We can also
derive an analogous equation for changes in wing area

a(t) = A[l — exp(—p1)] = A[1 —exp(—t/7)], (5)

where a(t) is the instantaneous area and A is the final
extended area. We use our measured experimental data
on changes in wing length x(¢) and area A(t) over time to
determine the value of B (the expansion rate) that best
fits the data, modeling the fore- and hindwings sepa-
rately. Because autoexpanding wings removed at differ-
ent time points had different starting sizes and differed
in their expansion behavior, we focused on fitting the
model only to pooled data from wings that had been
removed at 10 min, and subjected to the gravity or DI
H, O treatments (the autoexpansion treatments with the
largest sample sizes). We used data from the time of re-
moval (10 min) through 30 min, when expansion be-
gins slowing in many wings. For comparison, we also fit
the model to data from intact, expanding wings between
10 and 30 min of expansion.
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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 removed at t = 5, 10, |5, and 20 min (i—iv) for n = 30 grasshoppers. For each box, 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.

Results and discussion
Wing pad morphology

While the focus of this work is on phase 2 of wing ex-
pansion, we found that the initial folded state of the
wings had not been imaged. The folds and directional-
ity in which they expand are a point of future study. Our
imaging revealed that at the fifth instar (during phase
1 of eclosion), the wings of S. americana are highly
folded within the dorsal wing pad structure. The folded
structure is accordion-like, with hierarchical folding of
the major longitudinal veins (Fig. 4). This complex, hi-
erarchical folding is not seen in the developing wings
of homometabolous insects (e.g., dipterans and lepi-
dopterans), which do display some folding along the
longitudinal veins during development (Tripathi and
Irvine 2022), but not to the same extent. In Fig. 4C, the
columnar cells that are formed in the wing pad dur-
ing development (Wigglesworth 1954) can be clearly
seen.

Comparing intact expansion and
autoexpansion treatments

Inintact S. americana (i.e., normal conditions), wing ex-
pansion occurs within 35-40 min at 25°C (Fig. 5A). Af-
ter the hindwings reach their maximum area at around
40 min, area begins to decline as the hindwings are
folded into a closed fan-like shape and the grasshop-
per uses its hind legs to push the wings, rotating the
forewings to rest in their final, folded configuration over
the abdomen (Fig. 5A). In measuring wing length and
area during wing expansion, we did not distinguish
between male and female grasshoppers in this study
as their forewings were not significantly larger (paired
two-tailed ¢-test, P > 0.05). Adult, fully expanded and
sclerotized, male hindwings are significantly smaller
than female hindwings (paired two-tailed t-test, P =
0.02). However, during wing expansion, we measured
wing length and area to full expansion, when both sets
of wings reached exactly the same size. It is plausible that
over the next few days of melanization and sclerotiza-
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and (D) mineral oil. Data for individual forewings (FW) are shown by

tion, the hindwings slightly shrink. This is a topic for a
future study on how sclerotization and water loss over
the days following wing expansion change the wing.

During expansion, hemolymph is already present in
wing veins (Salcedo et al. 2023b), and as expansion oc-
curs, S. americana pumps hemolymph into the veins,
which grow in diameter and change in stiffness (Elliott
1981). Changes in wing mass during the expansion pro-
cess can reveal the times at which this hemolymph
pumping is most active (Salcedo et al. 2023a). Our data
on wings removed at 5-min intervals during expansion
(Fig. 5B and C) show that wing mass increases signif-
icantly between 5 and 10 min into expansion (paired
two-tailed t-test, P < 0.05), in both forewings and hind-
wings. The hindwings display another significant in-
crease in mass between 15 and 20 min (paired two-
tailed t-test, P < 0.05) that is not seen in the forewings.
Both of these increases in mass are most likely due to
an influx of hemolymph into the expanding lumens of
the wing veins (Wasserthal 1982). Between sexes, wing
mass was not significantly different (paired two-tailed
t-test, P < 0.05).

The results of our autoexpansion experiments show
that some autoexpansion does occur in both the
forewings and hindwings of S. americana. However, the
rate and extent of expansion (whether or not isolated
wings reached the same final length and/or area as in-
tact wings) varied widely between treatments, and dif-
fered between the forewings and hindwings. Few of the
wings in the autoexpansion treatments expanded to the
same final lengths and areas as intact wings. Wings that
were removed from the body later in the wing expansion
process generally reached greater final lengths and ar-
eas than those that were removed earlier (Fig. 6). In ad-

light gray lines, and those for hindwings (HW) by dark gray lines.

dition, the forewings generally displayed more autoex-
pansion than the hindwings, and wings autoexpanded
to a greater extent in length than in area (Fig. 6).

In comparing the results from individual wings au-
toexpanding on the surface of DI H,O versus buffer
(Fig. 6B and C), there is no consistent, significant dif-
ference in autoexpansion patterns between these treat-
ments. This suggests that fluid flow into or out of the
isolated, sealed wing through the wing surface (due to
differences in solute concentration) does not play a ma-
jor role in the autoexpansion of wings laid on a flat
medium. Because the sample size of wings in the DI
H,O treatment was larger, we excluded the buffer treat-
ment from further analyses. Similarly, if surface tension
were playing an important role in driving the autoex-
pansion of wings laid on flat media (e.g., helping to pull
the wing open), we would expect to see dramatically dif-
ferent results in the mineral oil versus DI H,O water
treatments, but there are no consistent differences (at
least not for the few wings that expanded before sink-
ing in the mineral oil; Fig. 6B and D). Thus, we excluded
the mineral oil treatments from further analyses, and we
concluded that the medium upon which isolated wings
are laid does not affect the autoexpansion process.

To determine the effect of gravity on wing autoexpan-
sion, and to compare autoexpanding wings to those de-
veloping on intact insects, we plotted mean trendlines
showing the average changes in wing length and area for
the gravity and DI H,O treatments separately for each
starting time, and overlaid these on mean trendlines for
intact wing expansion (Fig. 7A and B). Because size var-
ied among individuals, the average length and area of
wings when they were removed from the grasshopper to
begin autoexpanding were not always the same among
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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
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20 min) (solid lines—forewings, dashed lines—hindwings). (C) Percent expansion in wing length (left) and area (right) over time. Percent
expansion was calculated from mean trendlines for each group of data separately, as the total change in length or area (maximum —
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calculations were performed on data from intact wings starting at the same times at which wings were removed for autoexpansion
treatments. Expansion curves are offset from left to right to aid in visualization.

treatments and intact wings, making it difficult to deter-
mine overall trends when data is plotted on an absolute
scale (Fig. 7A and B). However, when expansion curves
for intact, gravity, and DI H,O wings are aligned to the
same starting length or area, and percent expansion rel-
ative to each group’s starting dimensions (at the same

time points) are calculated, differences in the extent of
autoexpansion become more apparent (Fig. 7C).

These plots show clearly that isolated wings do not
autoexpand to the same extent as wings that remain on
the insect, and they also suggest that gravity is non-
trivial in wing expansion (Fig. 7C). Gravity appears to
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play a role in lengthening the wing, particularly early in
the process of wing expansion (from <5 min to 10 or
15 min), as wings removed at these earlier time points
and subjected to the gravity treatment expanded more
than those in the DI H,O treatment. Specifically, the
percent length expansion in forewings removed at 5 and
10 min was higher for wings in the gravity treatment
than in DI H,O (Fig. 7C, left). In the hindwings, the rate
and extent of length expansion of wings removed at 5,
10, and 15 min were substantially higher for wings in the
gravity treatment versus DI H, O, suggesting that gravity
may continue playing a role for slightly longer into the
expansion of hindwings (Fig. 7C, left). In contrast to the
differences seen in wings removed early on, wings re-
moved later in the expansion process (15-20 min) typ-
ically showed little difference between treatments, sug-
gesting that the role of gravity declines later in the ex-
pansion process.

Gravity also appears to play some role in increas-
ing the area of expanding wings, although in general,
autoexpanding wings did not gain area as readily as
they gained length (Fig. 7C, right). Forewings gener-
ally displayed more autoexpansion of area than hind-
wings, and gravity affects area expansion for forewings
removed at 5, 10, and 15 min, and for hindwings re-
moved at 5 and 10 min. Interestingly, hindwings re-
moved at 15 or 20 min displayed an average decrease
in area after being removed, suggesting that the hind-
wings may begin folding prematurely without the in-
ternal pressure of hemolymph pumping (which appears
to be substantial between these time points; Fig. 5C).
This loss of area/premature folding in hindwings re-
moved at later stages is not seen in wings in the DI
H,O treatment (Fig. 7C, right), perhaps because the sur-
face tension of the fluid holds wings in a planar con-
figuration. Overall, our findings that autoexpansion of
wing area was less than autoexpansion of length, and
that hindwings did not autoexpand as fully as forewings,
indicate that hemolymph pumping and other active
processes are particularly important for wings to ex-
pand in area, and for expansion of the large, pleated
hindwings.

Finally, our results on wings in the DI H,O treatment
confirm that wings do autoexpand to some extent in
both length and area when separated from the insect,
even in the absence of gravity, suggesting that local pro-
cesses within the wing itself do affect wing expansion.

Model of an intact, expanding wing

Our experimental results show that at least three fac-
tors play a role in wing expansion: internal pressure
from the hemolymph and tracheae (intact wings ex-
pand more fully than isolated wings), gravity (wings
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in the gravity treatment display greater expansion than
those in the DI H,O treatment), and local processes
within the wing tissue (wings in the DI H,O treat-
ment display some autoexpansion). Here, we modeled
one of these factors, gravity, acting on a viscoelastic
model of the wing to determine whether a relatively
simple mathematical model can capture some aspects
of the complex process of wing expansion (Fig. 8A
and B).

The model resulted in equations describing changes
in wing length and area over time as a function of g,
the expansion rate, and we used the model to find the
values of § that best fit observed changes in wing length
and area in intact wings, as well as those removed at 10
min and subjected to the gravity or DI H,O treatments.

The calculated values of B provide a better fit (i.e.,
higher R?) to data from the gravity treatment than to
data from the DI H,O treatment, which was expected,
since the model accounts for gravity acting longitudi-
nally (from base to tip) on the wing, and this was not
present in the H,O treatments.

In addition, across all wing treatments (intact, grav-
ity, and H,O), we found that calculated values of 8 pro-
vide a better fit for data on expansion in wing length
than in wing area (R? values for length are approxi-
mately twice as high as those for area in most cases).
This concurs with our experimental findings, which
showed that autoexpansion in length is far more suc-
cessful than autoexpansion in area, suggesting that in-
ternal pressures (and/or other active processes) are
more important for area expansion than for wing
lengthening.

We also found that calculated values of 8 consistently
provided a better fit to data from the forewings than the
hindwings. These results agree with our findings that
autoexpansion is less successful in the hindwings, sug-
gesting that internal pressure and active processes are
more important for their expansion. This likely relates
to structure and larger size of the hindwings, which are
corrugated and fan-like, with numerous long tubular
veins that span the entire wing (more so than in the
forewings).

Overall, the results of this initial model suggest that
an expanding wing can be modeled as a simple vis-
coelastic structure. The role of gravity in wing expan-
sion could be more precisely modeled by accounting
for the time-varying mass (and thus time-varying grav-
itational forces) in expanding wings. Future models
that capture additional factors driving wing expansion
would provide a fuller understanding of the expansion
process, and allow modelers to explore the effects of per-
turbations to the system (e.g., loss of gravity at different
times during expansion, which could occur if an insect
moves to a safer location during wing emergence).
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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 response, where 8 represents the modeled expansion rate. (C—E) Linear fits of the calcuated expansion rate (f) to measured
length and area data collected between 10 and 30 min from wings in the intact (C), gravity (D), and DI H,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.

Other central factors (originating from the main  panding wing have been measured (Glaser and Vincent
body) that influence wing expansion include hormones ~ 1979), so nanoindentation or other updated methods of
and pressure due to pumping organs (influence of tho-  material testing could supply more reliable values for
racic wing hearts and dorsal vessels) (Pass et al. 2015;  modeling.

Salcedo et al. 2023b). As an insect goes through ecdy- Incorporating the internal pressure due to
sis it pumps in a suite of hormones to initiate the entire  hemolymph being pumped into the wing is more
process (White and Ewer 2014) from exuviae splittingto  straightforward, and could even be modeled as a tem-
final expansion. These hormones are pumped through-  porally varying force (based on the data shown in
out the body but their speed (how quickly they reach  Fig. 5B and C, which indicates that hemolymph is
certain areas of the insect) and concentrations are un-  not necessarily pumped consistently into the wings
known. It may also occur that some hormone initiation  throughout expansion, but rather during specific peri-
may cause other hormonal cascades, influencing other  ods of time). Here, we outline an approach that could
insect tissues, like local signals on the wing. be incorporated into future models of an expanding

Incorporating the local processes that drive some  wing to account for the effects of internal hemolymph
wing autoexpansion even in the absence of gravity (i.e.,  pressure. In the case where the wing is subjected to
in DI H,O treatments) will require a greater under- a constant pressure source at the base, pressure can
standing of these processes and the mechanisms by  be considered as a stress on the wing material. The
which they drive autoexpansion (Tripathi and Irvine pressure in the wing will decrease as the wing expands.
2022). One promising avenue of future investigation = For example, when a fluid conduit is a round tube of
would be performing measurements of material proper-  radius Ry, then the pressure drop along the length x
ties in different wing areas as they undergo autoexpan-  becomes P(x) = Py — 8 (U/R*)x, where U is the length
sion on DI H,O, to determine whether spatial and/or  of the “pipe” and p is the dynamic viscosity. This is due
temporal changes in material properties within the wing  to the viscous stress in tiny vessels. So, we approximate
tissue may be driving some autoexpansion. It has also ¢ =¢ (L — x), where ¢ depends on the pressure source.
been over 40 years since the material propertiesofanex-  The solution of the governing equation will have the
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same form as our equation for changes in wing length
due to gravity, but with a different constant:

¢ dx 1dx

“ra T I=1g ©

¢ _ (& 1)dx 1 _s(e .y
E(L_X)‘<E+L)dt_’<L—x)d’“‘n<E+L>

(7) pale yellow color at the beginning of phase 2 (start of ex-

RV
dt — log(L —x)/L = ;. (E + L) t.
Its solution becomes
x(t) = L[1 — exp(—«t)], (8)

1
where the constant, «, is given as — (— + —) . Here,

k is also the inverse of the growth rate (representing the
expansion rate), but for the effect of internal pressure
rather than gravity.

Conclusions: wing autoexpansion in
orthopterans

The phenomenon of autoexpansion has been observed
previously in two other orthopteran species, L. mi-
gratoria and S. gregaria; however, these earlier studies
examined only length changes in the forewings of a
small number of wings laid flat on buffer. In this study,
we quantified autoexpansion in both the forewings
and hindwings of S. americana, documenting changes
in both wing length and area in large numbers of
wings, and comparing the results for wings removed at
four different time points during wing emergence. We
also thoroughly documented changes in wing length
and area during expansion in intact wings, and mea-
sured mass changes that occur in expanding wings to
gain information about when hemolymph pumping oc-
curs during expansion. Finally, we performed a series
of different autoexpansion experiments to determine
whether the autoexpansion seen in wings laid flat on
fluid media is due to fluid flux across the wing surface
or surface tension of the fluid, and to determine whether
gravity plays a role in wing expansion, as orthopterans
typically hang with their wing tips pointed downward
during expansion.

Our data confirm that wing autoexpansion occurs
in S. americana, as in the locusts L. migratoria and S.
gregaria. However, in contrast to previous studies, we
found that autoexpanding wings failed to increase to
the same final length as intact wings (Figs. 3 and 6).
Glaser and Vincent did allude to incomplete expansion,
and it is unclear whether the percent expansion data
they reported for L. migratoria (Fig. 1B) were scaled to
the final length of intact wings, or to the final length
of each autoexpanding wing itself (Glaser and Vincent
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1979). In our experiments, autoexpanding wings of S.
americana rarely reach full length (the wing tips remain
pinched and unexpanded), or full area, unless removed
at late stages during expansion (i.e., at 20 min, after
the wings have already gained significant mass through
hemolymph pumping). Despite not fully expanding, the
wings of S. americana continue to darken and stiffen for
hours after autoexpansion, suggesting that some local
processes continue for hours. The wings are a uniform,

pansion) and begin to change color midway through ex-
pansion. Autoexpanding wings continue darkening un-
til they reach a coloration similar to that of intact wings,
although the wings are not as stiff and the membranes
are slightly opaque, in comparison to the clear mem-
branes seen in intact, fully developed wings.

Our study also shows that gravity plays an impor-
tant role in autoexpansion, particularly early in the pro-
cess of wing expansion. Many insects, outside of or-
thopterans, use gravity to their advantage to not only
pull their bodies from their juvenile form but also ex-
pand their wings (Salcedo et al. 2023a). We found that
wings removed early during emergence (5 or 10 min for
forewings; 5, 10, or 15 min for hindwings) expanded
more fully in length when subjected to gravity (i.e., hung
with the wing tip facing down), although gravity was not
as helpful in expansion of wing area. It is worth noting
that some orthopterans, smaller crickets, for example,
do not require specific positions for wing expansion,
and may not use gravity in the same way (personal ob-
servation). These crickets, with wings modified to pro-
duce sound, can expand their wings underneath sur-
faces and move around during the process. There could
be multiple factors here where smaller insects may not
need the same dynamic hydraulic processes or perhaps
how wings are used by the insect may result in a differ-
ent type of wing expansion.

The more limited autoexpansion we observed in
wing area, as well as our measurements of changes in
mass during intact expansion (Fig. 5B and C), sug-
gests that hydraulic pumping of hemolymph into the
wings plays an important role in increasing the area
of expanding wings, and particularly in driving expan-
sion of the large, pleated hindwings. To achieve a hy-
draulic differential, the unfolded portion of the wing
(that unfolds during phase 1) is stiffer than the folded
portion (Glaser and Vincent 1979). At the beginning
of phase 2 (Fig. 2B), hemolymph is pumped through
wing veins into the unfolded portion, establishing a
pressure gradient between the insect, the unfolded por-
tion of the wing, and the distally folded wing. When
wings are removed and sealed for autoexpansion ex-
periments, this maintains the pressure gradient estab-
lished by the insect at that time point, but does not ac-
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count for any subsequent changes in wing pressure and
hemolymph content that would normally occur after
this time.

The differences between our autoexpansion results
and those of previous studies on L. migratoria and S.
gregaria could be due to methodological differences or
individual variation combined with small sample sizes
in previous studies, or they could be due to actual
differences in wing emergence processes among these
species. While physiologically similar to the classically
studied S. gregaria, S. americana lacks the behavioral
polyphenism of density-dependent swarming. The final
nymph instars of S. americana are less active than those
of S. gregaria and do not respond to density shifts, even
if overcrowded throughout their development (Sword
2003). In contrast, the desertlocust S. gregaria (as well as
L. migratoria) is a swarming species with cannibalistic
behaviors. In these species, the localized cues that drive
wing autoexpansion could increase the rate of wing ex-
pansion (a hypothesis that remains to be explored) by
shifting from centralized to local control cues, reduc-
ing the likelihood of succumbing to cannibalism before
wing emegence is complete.

However, the presence of wing autoexpansion in S.
americana as well suggests that these local cues may
serve a broader purpose, perhaps in helping to ensure
consistent, reliable wing expansion (i.e., as a fail-safe
mechanism), in reducing energetic and processing de-
mands by shifting some aspects of development from
central to local control, or in providing adaptive flex-
ibility that allows developing animals to move around
briefly to find a safer area, without completely disrupt-
ing the process of wing expansion. Confirmation that
wing autoexpansion occurs in the widely studied labo-
ratory animal S. americana, as well as our early demon-
stration that at least some aspects of this process can
be modeled and explored mathematically, provides a
tractable new system for the exploration of higher level
questions concerning the mechanisms of wing expan-
sion and the implications of autoexpansion in intact
animals. In addition, expanding insect wings, which
morph from a thin, membranous, hierarchically folded
structure to a stiffened planar wing through inflation
with a small amount of fluid, could provide bioinspira-
tion for future technologies applicable to micro-air ve-
hicles, space exploration, or medical and prosthetic de-
vices.
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