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Abstract
Eclosion is a rapid process of morphological changes in insects, especially for the wings of butterflies. The orange oakleaf 
butterfly (Kallima inachus) transits from pupae to adults with a 9.3 fold instant increase in the surface area of their wings. 
To explore the mechanism for the rapid morphological changes in butterfly wings, we analyzed changes in microstructures 
in the wings of K. inachus. We found that there were lots of micron-sized foldable units in the wings at the pupal stage. The 
foldable units could provide as much as 31.35 times of increase in wing surface area. During eclosion, foldable units were 
flattened sequentially and resulted in a rapid increase in wing surface areas. The unfolding process was regulated by the 
structures and layouts of wing veins. Based on our observation, foldable units play important roles in both deformation and 
stretching of wings. The foldable units of microstructures may provide mimics for simulating entities of large-deformational 
bionic structures with practical application.
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1 Introduction

The oakleaf butterfly (Kallima inachus) is a famous example 
of camouflage due to its nearly perfectly mimic to brown oak 
leaves. K. inachus undergoes complete metamorphosis with 
four different stages, including egg, larva, pupa, and adult 
[1, 2] (Fig. 1, Fig s1). The process of turning into an adult 
from a pupa is called as eclosion [3]. K. inachus butterflies 
with large wings emerge from pupae without visible wings 
in a short period of time. The wing formation appears rapid 
and wing expansion is drastic.

Organ development is usually a time-consuming pro-
cess, and organs formed in a short time are often fragile and 

functionally weak. However, butterfly wings appear instantly 
after emergence and can withstand long flights that need 
millions of wing flaps [4, 5]. Wings are vital organs for but-
terflies, and their integrity also affects the survival ability of 
the insects [6]. Butterfly wings are complex, deformable, and 
composed of high-performance structures in large numbers 
with sizes ranging from macroscopic to nanoscales [4, 7]. 
These structures have high mechanical properties formed 
during evolution [8]. They communicate and cooperate 
appropriately so that the entire organ could perform complex 
functions. Butterfly wings undergo morphological changes 
during eclosion, including changes in the form, quantity, and 
location of structures.

Structural development and morphological changes have 
been examined to reveal the functions of various struc-
tures, including the mechanism involved in eclosion and 
wing spreading. Understanding the process of wing forma-
tion could provide models in designing entities for large-
deformational bionic structures via simulation [7–9]. Dur-
ing larval development, several structures of pre-wings are 
initially formed, including an imaginal disc [10–14]. Ini-
tially, a layer of irregularly arranged transparent skin cells 
is observed after pupation [15]. After producing new cells 
via cell division and removing older cells via apoptosis, the 
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cells are aligned for wing formation after about 32 h [15, 
16]. Subsequently, a single cellular layer turns over and folds 
to form a double-layer structure, which is the basis for the 
back and abdomen sides of wings [17–19]. After that, cells 
in the middle of wings continue to elongate vertically and 
connect with adjacent cells to form cell clusters [15]. Two to 
three days after pupation, wing cells go through programmed 
cell death, and the remaining cell content turns into wing 
membrane, which is covered with various sensory organs 
and wall derivatives [20, 21]. The wall derivative containing 
trachea gradually develops into wing veins filled with vari-
ous motor nerves, plasma, and hemolymph [22].

Previous studies were mainly focused on gene regulation, 
cell development, wing shape and wing pattern formation 
[14, 23]. Few studies have been carried out on physical struc-
tures, butterfly eclosion, and wing spreading mechanisms. In 
this study, we focus on the structural basis for prompt and 
drastic changes in wings during eclosion. Our findings could 
provide models and scientific basis for designing functional 
bionics based on mimics of insect microstructures.

2  Materials and Methods

2.1  Insects

K. inachus larvae were obtained from a colony maintained at 
the Butterfly Experimental Station at the Research Institute 
of Resource Insects, Chinese Academy of Forestry, Yuan-
jiang, Yunnan, China. When larvae turned to the 5th instar, 
they were transferred to an artificial climate room and fed 
with Baphicacanthus cusia (Nees) Bremek under 10/14 light/
dark cycles at 30 °C with 70% humidity. Other larval instars 
were maintained at 25 °C with the same humidity.

2.2  Instruments and Software

Main instruments and software used in this study are Hitachi 
Scanning Electron Microscope (Hitachi TM-3000), Keyence 
Ultra Depth of Field 3D Microscope (Keyence vhx-1000), 

Leica Cryostat (Leica CM1100), Leica Manual Rotary 
Microtome (Leica RM212rt), 2D drawing software CAXA 
2007, and 3D drawing software NX 8.0.

2.3  Collection and Storage of Butterflies

A total of 600 5th instars were collected and reared as 
described previously. After pupation, individuals were trans-
ferred onto a vertically hanging towel. For sample fixation, 
individual pupae were collected at 0, 24, 72, 96, 120 h after 
pupation, and were immediately fixed in jars with FAA fixa-
tive [50% ethanol. 5% (v/v) acetic acid. 3.7% (v/v) formalde-
hyde]. Samples were collected at 9:30–10:30 a.m. each day, 
and each sample contained at least 30 individuals.

2.4  Experimental Method

(1) Measurement of morphological parameters

Whole butterfly wings were removed carefully from 
insect bodies and dried. Images of individual wings were 
taken under an Ultra Depth of Field 3D Microscope (Key-
ence vhx-1000). The wing images were processed for meas-
urements using an image stitching function. The processed 
images were then measured using the CAXA 2007 software. 
The length, width, area, and other parameters of the wings 
were recorded.

(2) Fixation of butterfly pupae at dfferent stages of eclosion

Pupae at different stages were fixed using liquid nitrogen.

(3) Electron microscope scanning

For surface scanning, wings were completely dried, 
and the surface scales were removed with a brush. Images 
were taken using a scanning electron microscope (Hitachi 
TM-3000). For vertical scanning, wings were cut directly 
with a blade after drying. Images were also taken using 

Fig. 1  Upper side (a) and under 
side (b) views of K. inachus 
views. The underside view of 
the wings forming a nearly 
perfect mimic of a dead oakleaf. 
The length of the scale was 
10 mm
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Fig. 2  Morphological changes of K. inachus right forewings at dif-
ferent pupal stages. a The morphological changes of the right fore-
wing over time during pupation. The length of the scale was 10 mm. 
b Shapes of front right forewings at different pupal stages. c Changes 

in sizes of right forewings. The dotted line was the dividing line 
between the pupal stage and the eclosion stage. d Changes in the 
length of right forewings. e Changes in the width of right forewings

Table 1  Parameters of K. inachus wings

lc = the length of wing veins. The total length of wing veins is Lc = 
∑

lc
i
 . lb = the width of wing veins, the average width is Lb = 

∑

lb
i
/n

Name Wing surface area  (mm2) Total length of wing 
veins Lc (mm)

Average width of wing 
veins Lb (mm)

Wing veins area  (mm2) The ratio of 
wing veins 
(%)

Forewing 789.9500 ± 25.9057 284.8587 ± 4.9823 0.2173 ± 0.0222 65.2320 ± 7.1053 8.2577
Hindwing 779.8584 ± 34.5750 269.4629 ± 4.6392 0.2189 ± 0.0150 61.9767 ± 5.4979 7.9472
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the scanning electron microscope (Hitachi TM-3000). For 
images of the underside of wings, moisturized wings were 
spread with tweezers along wing veins, the wings were then 
dried, and imaged using the scanning electron microscope 
(Hitachi TM-3000).

3  Results

3.1  Changes in Butterfly Wings During 
Development

At 30 °C under 70% humidity, it took 120 h on average for 
pupation. On the other hand, it took only 15 min to complete 
eclosion.

When a K. inachus larva turns into a pupa, wings are 
already attached to both sides of the abdomen of the pupa 
[24]. During the pupal stage that lasted for 6 days, no sig-
nificant changes in terms of the surface area of wings were 
observed (Fig. 2a 0–120 h). However, during the 15 min 
of eclosion, a significant increase in sizes of wings was 
observed (Fig. 2a 120 h to 120 h 15 min). Specifically, there 
were dramatic increases in the total surface area (b, c), the 
length (d), and the width (e) of wings during the 15 min of 
eclosion (Table s1).

3.2  Structural Units of Butterfly Wings

The dramatic changes in sizes of butterfly wings should 
have resulted from changeable tissue structures in the wings. 

Butterfly wings are mainly composed of wing membrane, 
wing veins, and scales. Among these three components, 
scales are the attachments of wing membranes and should 
have no effect on changes in wing sizes (Fig. 2).

3.2.1  Structure of Wing Membrane

The area of membrane accounted for more than 91% of total 
wing size (Tables 1, s2). Since morphological changes of 
wings are largely due to changes in membrane, we exam-
ined possible structural changes in membrane to reveal the 
basis for wing deformation. We found that there were a large 
number of similarly shaped, foldable structural units in wing 
membrane (Fig. 3a, b). The foldable units were gradually 
formed during pupal development. At 0 h, two layers of wing 
membrane were bonded together without apparent foldable 
units. At 24 h, irregular foldable units began to appear and 
were stacked together. During 48 h to 120 h, irregular fold-
able units became more regular by forming bundles between 
units (Fig. s4). At 120 h, the space between two layers of 
wing membrane increased, and bundles remained between 
the two layers of wing membranes. Eventually, the shapes 
of foldable units gradually became similar to each other and 
were arranged orderly (Fig. 3a–b). Therefore, it takes 120 h 
for K.inachus to form a complete foldable unit (Fig. s3). 
Sub-structurally, a foldable unit was pyramidal in the mem-
brane and composed of a large number of small double-layer 
structures (Fig. 3c, d, g). Each microscopic structure was 
10–60 μm with a triangular projection (Fig. 3b, g). 

Because of the foldable units, butterfly wings increased in 
size rapidly by just opening up these units (Fig. 3b). Micro-
scopic observation showed that all foldable units were com-
pletely flattened within 15 min. After the foldable units are 
open up, the two layers of wing membranes were bonded 
together again. The foldable structures on the wing mem-
brane and the bundles disappeared (Fig. 3a, b).

3.2.2  Projection of Extensibility of Foldable Units

Since membrane is the main component of butterfly wings, 
the extensibility of a foldable unit during eclosion should 
be proportional to the rapid increase of wing size. Since 
each foldable unit can be taken as a triangle (Fig. 3a, b), 
the hypothetical extensibility of a foldable unit is the sum 
of the lengths of the two sides that are extended to form 
the surface of the wing membrane. Therefore, the following 
equation was used calculated the hypothetical length (L) of 
an extended foldable unit after eclosion (Fig. 3d, e):

where L is the longitudinal length and the length of a fold-
able unit after extension, a is the projected length of L before 

(1)L = 6.7264a − 57.008,

Fig. 3  Morphology and development of foldable units. a Cross-
section mages of foldable units at different time. The length of the 
scale was 50 μm. At 0 h, wing membranes on both sides were close 
to each other with a thin layer of gel type substance in between. At 
24  h, wing membranes began to form foldable units, and bundles 
began to be formed. At 48–96 h, foldable units underwent morpho-
logical changes and expansion. At 120  h, foldable units became 
mature, double-layer structures with upright bundles between mem-
branes. At 120 h 15 min, the foldable units and bundles disappeared 
instantly, and wings became thinner and flattened. b Longitudinal-
section images of foldable units. At 0  h, there was no obvious unit 
structure in wing membrane. At 24 h, foldable units began to emerge, 
and the foldable units were stacked together. 48–120  h, the stacked 
foldable units were separated into independent units and arranged in 
rows. At 120 h 10 min when eclosion began, the foldable units began 
to unfold. At 120  h 15  min, the foldable units were unfolded com-
pletely and bundles between membranes disappeared. Before eclosion 
(120 h), the vertical view of a foldable unit was triangular (red trian-
gle). After eclosion, triangular foldable units were flattened and bun-
dles disappeared. c Schematic presentation of cross sections of fold-
able units. d Schematic representation of the vertical view of foldable 
units. L1 and L2 were curves of foldable units. There are a large num-
ber of small folded substructures, with each one substructure taken 
as a foldable unit. Each foldable unit consisted of a double layered 
structure. a1 and a2 were the vertical projection of L1 and L2, respec-
tively. e Projected expansion potential of foldable units, which was 
calculated as below. f Mean transverse lengths of the foldable units

◂
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extension, and the number 57.008 is the transverse length 
of the triangle before it is fully extended. The relationship 
between L and a is Eq. (1). Based on Eq. (1), the theoretical 
extensibility of a foldable unit is 6.7264 fold during eclo-
sion (Fig. s5).

The average value (∆l) of the transverse length of a fold-
able unit was calculated according to Eq. (2).

where ρ is the area ratio, s is the area of the triangle before 
eclosion, S is the area of the triangle after eclosion, dl is the 
transverse length of a single foldable unit, CL is the sum of 
the transverse length of N foldable units, N is the number of 
foldable units, s = dl

120
× LL

120
/2 , S = dl

120h15m
× LL

120h15m/2 , 
TL is the transverse length, and LL is longitudinal length. 
The value of small letter s was calculated using the equa-
tion s = dl

120
× LL

120
∕2 , S = dl

120h15m × LL
120h15m∕2 . Based 

on this equation, the sum of the transverse length of the fold-
able units did not change much, and the longitudinal length 
was 8.86 μm (Fig. 3f) at 0 to 120 h. After eclosion, the trans-
verse length of the foldable units increased to 41.28 μm, i.e., 
4.66 times the original value (Fig. s5). Once a foldable unit 
is completely flattened, the theoretical size of the flattened 
area is ρ = 31.35 times. However, the actual change ratio was 
only 9.30 (Fig. s5).

(2)

⎧

⎪

⎨

⎪

⎩

CL = ∫ Ndl

S = LL × TL∕2

� = S∕s,

3.2.3  Composition and Structure of Wing Veins

Wing veins are the second largest structure of butterfly 
wings, accounting for about 9% of wing size (Tables 1, s2). 
Wing veins act as a skeleton, supporting the shape of butter-
fly wings. Wing veins play an important role during eclosion 
and unfolding of butterfly wings.

The structure of a wing vein consists of four main sub-
structures: membranoid substance, wing vein membrane, 
trachea, and filaments (Fig. 4a). These substructures were 
composed of a large number of foldable units as well 
(Fig. 4b), which could undergo morphological changes dur-
ing eclosion (Fig. s8). The vein structures (Fig. 4a) directly 
interact with the foldable units of the wing vein membrane 
(marked by the white circle). All wing vein structures were 
connected to the wing membrane via filaments.

As shown in Fig. 4, the perimeter (L) and area (S) of 
wing veins, and the perimeter (l) and area (s) of trachea 
were measured to calculate their perimeter ratio (δ) and area 
ratio (η), which were used as parameters for morphological 
changes of wing veins. During 0–24 h, trachea was formed, 
but wing veins were still developing (Fig. 4b green dashed 
line, Fig s6), with maximal δ and η. During 48–120 h, 
wing veins and trachea formed a large number of foldable 
units. The number and diameter of foldable units of trachea 
increased, with gradually decreased δ and η (Fig. 4b, c). Dur-
ing 120 h–120 h 15 min, eclosion of butterflies began, and 
the foldable units of wing veins and trachea were completely 
unfolded, resulting in a sharp decrease of δ until the values 
of δ and η close to 1. At this time, the size of the trachea and 
wing veins were the same (Fig. 4b–d). During eclosion, the 
sharp drop of δ indicated that the morphological change rate 
of the trachea v

t
 was greater than the morphological change 

rate of wing veins vv(vt > vv), and the relative area Δs of 
trachea and wing veins decreased ( Δs = S − s).

where i is the time period between samples, j is the sample 
number of the period, n is the number of samples in the 
period, L is the perimeter of a wing vein, S is the area of a 
wing vein, l is the perimeter of trachea, and s is the area of 
trachea.

During eclosion, butterflies take in air to increase air in 
trachea [25], resulting in enlarged trachea (Fig. 4b). During 
the enlargement of trachea, the relative area Δs of trachea 
and wing veins decreased, along with reduced hemolymph 
[26]. The incoming air might cause higher pressure that 
served as power for wing unfolding. During 0–120 h, tra-
chea and wing veins formed a large number of foldable units. 

(3)

⎧

⎪

⎨

⎪

⎩

�i =
∑ Lij

lij
∕n

�i =
∑ Sij

sij
∕n,

Fig. 4  Structure and development of wing veins. a The basic struc-
ture of wing veins. The length of the scale was 100  μm without 
number. The wing veins were mainly composed of four structures: 
membranoid substance, wing vein membrane, trachea, and filaments. 
Membranoid substance, wing vein membrane, and trachea were all 
composed of foldable units. Membranoid substance, trachea, and vein 
membrane were connect via filaments (represented by the white dot-
ted circle). b Morphological changes of wing veins. A green dashed 
line represent an outline of a developing wing vein, the black arrows 
point to wing veins, and a red arrow points to hemolymph. At 0  h, 
the wing vein membrane was not yet formed, but trachea was visible. 
At 24 h, the diameter of the wing vein increased. At 24 h to 120 h, 
wing vein membrane developed, forming a large number of foldable 
units consisting of wing vein membrane and trachea. At 120 h 10 m, 
the foldable units of the wing vein membrane was flattened, a large 
amount of air was generated in trachea, resulting in increased diam-
eter of the trachea. A large amount of hemolymph was distributed 
around trachea. At 120  h 15  m, hemolymph disappeared, foldable 
units of trachea disappeared, and the diameter of trachea increased. 
At this time, the diameter of the trachea was close to the diameter of 
the wing vein. c The morphological change of trachea. The length of 
the scale was 100 μm, and the black arrow pointing to a wing vein. 
At 0 h, when a larva just became pupa, wing had already developed 
trachea. At 48–120 h, foldable units were formed in trachea. At 120 h 
15 m, foldable units of trachea were fully unfolded, and the volume of 
trachea became larger. d Ratio of the wing vein to trachea. The sym-
bol η is the ratio between wing vein area and trachea area. The sym-
bol δ is the ratio between perimeters of wing vein and trachea

◂
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During 120 h–120 h 15 min, the foldable units of trachea and 
wing veins were gradually unfolded (Fig. 3b, c), consistent 
with our hypothesis that incoming air served as the power 
for butterfly wings to spread [26].

3.2.4  Main Function of Bundles

Foldable units were formed along with bundles at the same 
time (Fig. 3a). Structurally, bundles were formed with a 
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large number of filaments bonded together. Bundles connect 
with foldable units of wing membrane (Fig. s7). According 
to the arrangement of bundles, wing membrane could be 
divided into three areas, area (Area A) without any bundles 
(Fig. 5a–c); area (Area B) with bundles connecting to wing 
membrane in the same layer (Fig. 5a, e, f); and area (Area 
C) with bundles connecting to the upper and lower wing 
membranes (Fig. 5d, g, h). Area A was mainly located in 
the middle of the closed chamber in the hind wing. Because 
it lacked bundles, Area A should be unfolded easily dur-
ing the flattening process. Since the bundles in area B were 
connected to wing membrane on the same layer, the power 
driving unfolding should be easily transmitted to other areas, 
resulting in the acceleration of unfolding other parts of a 
foldable unit. Area C was mainly located in open chambers 
where bundles were connected to the upper and lower layers 
of wing membranes. The diameters of wing veins in area 
C were relatively small and thus the power this area could 
provide during the unfolding process should be relatively 
small as well.

Bundles gradually inclined and flattened between the two 
wing membranes (Fig. 5 i–l) during the unfolding process of 
foldable units. After eclosion, flattened bundles were sand-
wiched between the wing membranes, providing physical 
support to the wings (Fig. 5p). Cells at both ends of a bundle 
control the division and proliferation of the bundle (Fig. 5q). 
When a foldable unit divided, new bundles were formed 
from filaments produced from the cells (Fig. s4). Therefore, 

the number of bundles closely related with the number of 
foldable units.

3.3  Unfolding Patterns of Butterfly Wings

Figure 6 shows morphological changes of butterfly wings 
during the unfolding process, exhibiting a small and 
straight wing, a wrinkled wing, a slender wing, and large 
and straight wings (Fig. 6a–b). Interestingly, the expansion 
of wings was uneven in terms of the width and length at 
different time points of eclosion. Specifically, during the 
first 3 min of eclosion, the width of wings increased from 
9.53 to 11.53 mm. However, the length of wings increased 
much more greatly, from 12.89 to 32.93 mm. Most changes 
in wing sizes happened at the last minute when butterflies 
crawled out of their puparia (Fig. 6c). During the period of 
3–15 min of eclosion, the width of wings increased greatly, 
from 11.53 to 31.91 mm. On the other hand, the length of 
wings only slightly increased, from 32.93 to 31.37 mm 
(Fig. 6c, d).

Butterfly wing was changed section by section in the pro-
cess of eclosion, the reason is that the foldable units changed 
at different times (Fig. 6e–l). Initially, the change in wing 
vein drive the change in the wing membrane and provides 
power (Fig. 6i, l). On the other hand, the wing shoulders pre-
ceded the change of other position (Fig. 6e, f), making wing 
shoulders have greater morphological variation. The length 
of folding unit at lb is 129.083 μm which is very close to the 
length of adult. But, the width was just 16.788 μm, much 
closer to pupa wing. For this reason, during the period of 
0–3 min of eclosion, the process of emergence firstly change 
the wing in length followed by width. The width is further 
increased when butterflies are outside the puparium.

4  Discussion

Based on our observation, the development process of but-
terfly wings during eclosion can be summarized as follow-
ing. During the pupal stage, large number of foldable units 
are formed, including foldable units in wing veins, mem-
brane and trachea. These foldable units are connected to 
each other via filaments. The morphology of foldable units 
is different among vein, membrane and trachea (Fig. 7a). 
When eclosion begins, foldable units dislocated results in 
reduction of distance (Fig. 7b). During eclosion, extra air 
taken by trachea causes its increase in volume, compress-
ing hemolymph in wing veins to unfold the wing power 
(Fig. 7c). After eclosion, trachea decreases in volume and 
becomes flattened within membrane. Along with flattened 
trachea, wing veins and membrane also become completely 
flattened, resulting in completion of unfolding and morpho-
logical changes of wings during eclosion (Fig. 7d).

Fig. 5  Distribution of bundles. a–h Three different areas of bundle 
distribution. a Area without any bundles (Area A), as indicated by the 
yellow dashed line. Outside the yellow dashed line was the area (Area 
B) with bundles connecting to the upper and lower wing membranes 
in the same layer. The length of the scale was 100 μm without num-
ber. b Is enlarged portion of a, showing foldable units without bun-
dles. c Is the partially enlarged portion of b, showing a single foldable 
unit without any bundles. d The area (Area C) with bundles con-
necting the upper and lower wing membranes at different layers. e Is 
another enlarged portion of a, showing the bundles that connected the 
wing membrane in the same layer. f is a partially enlarged portion of 
e, showing that the top and bottom of a foldable unit were connected 
by scattered filaments. g is a partially enlarged portion of d, showing 
that bundles connecting to the bottom and top of the upper and lower 
wing membranes. h is an enlarged portion of g, showing bundles con-
necting to fascicular. i–l Change of bundles at different stages. i Bun-
dles were perpendicular to the upper and lower wing membranes. j 
Bundles inclined between upper and lower wing membranes. k Bun-
dles flattened between the two wing membranes, ready for eclosion. 
m–p Change of bundles during eclosion. m Bundles connecting to 
foldable units of wing membrane in the same layer at the beginning 
of eclosion (at 0 min). n Flattened bundles and foldable units 2 min 
later after the beginning of eclosion. o Area with few bundles on fold-
able units 10 min later after the beginning of exlosion. p Residue fila-
ments forming a thin layer between wing membranes 15  min later 
after the beginning of exlosion. q Bundle-associated cells (pointed 
by red arrows). l Branches of bundles before eclosion. The branches 
were indicated by green arrows

◂
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The shape of the wing does n’t change much during dif-
ferent developmental stages (Fig. 1b), indicating that the 
foldable units are distributed evenly and expansion of the 
wing during eclosion is relatively in proportion towards dif-
ferent directions. Even though no significant changes in wing 
size during the pupal stage, structural changes inside wings 
are accumulating, including formation of foldable units and 
development of bundles. Foldable units provide the basis for 
later wing expansion. However, foldable units can expend 
towards any direction. We found that bundles regulate the 
direction of expansion of foldable units. Bundles and other 
filament structures may be crucial to ensure expansion of 
foldable units in both the upper and lower wing membranes 
expand proportionally to avoid wing deformation.

K. inachus is a typical insect that undergoes complete 
metamorphosis. Wings of lepidopterans undergo significant 
morphological changes during eclosion [2, 17]. The ability 
of dramatic expansion of wings are due to large number 
of foldable units developed at the pupal stage. Structurally, 
foldable units in wing membrane and veins provide the 

foundation for wing expansion, and the air taken via wing 
veins provides power for wing unfolding. The structure and 
layout of the wing veins are crucial for wing unfolding.

Although foldable units can be unfolded in any direction, 
the actual spreading dimension is determined by bundles 
and wing spreading power. When eclosion begins, incoming 
air in wing veins forces foldable units gradually unfold in a 
certain way. Similar to K. inachus, many other insect spe-
cies that undergo complete metamorphosis share the same 
mechanism for wing spread during eclosion [27]. The large 
number of foldable units in wing veins, trachea, and mem-
brane provide not only the structural basis for wing expan-
sion, but also protect wings from damage by providing wing 
stability and dispersing stress during deformation.

Wing unfolding during eclosion is apparently regulated 
orderly. It is interesting to note that the length of wings 
increase first during wing expansion, followed by wing 
width. The exact mechanism for the directionally regu-
lated expansion remains delineated. We speculate that the 
arrangements of the wing veins and bundles are responsible 
for this phenomenon. The directionally regulated expansion 
of wings is also more power efficient. Once a wing becomes 
fully expanded longitudinally, power can be concentrated on 
expansion vertically (the width direction) (Fig. 5i–l). Once 
foldable units are unfolded, the shape of wings are com-
pletely fixed [18, 19]. The eclosion process directly deter-
mines the shape and function of wings, that also affects the 
flight ability and subsequent survivability of the butterfly.

5  Conclusions

Eclosion is a rapid and significant process of morphological 
changes in insects, especially for butterfly wings. The orange 
oakleaf butterfly transits from pupae to adults with a 9.3 fold 
instant increase in the surface area of their wings. The ability 
of dramatic expansion of wings is due to presence of a large 
number of foldable units developed at the pupal stage. The 
foldable structural units was a double foldable structure in 
flattened conditions, the surface area of lepidotic wings will 
obtain 31.35 times change. Therefore, the foldable structural 
units can provide greater deformability than the conditions 
requirements of the wing. Structurally, foldable units in wing 
membrane and veins provide the foundation for wing expan-
sion, and the air taken via wing veins provides power for 
wing unfolding. The structure and layout of the wing veins 
are crucial for wing unfolding. Multiple structures work 
together to ensure the expansion of the wings.

Fig. 6  Changes in K. inachus wings during eclosion. The length of 
the scale in figure e was 5.00 mm, and the other figures are 50 μm. 
a Wings at different time points during eclosion. At 0 min, the but-
terfly was confined inside its puparium and wings were not visible. 
At 1 min, the head of the butterfly crawled out of the puparium, and 
wing shoulders protruded from the puparium. At 1.5 min, half of the 
wings protruded out from the puparium. At 2 min, the abdomen and 
the left front wing crawled out of the puparium. At 3 min, the butter-
fly completely crawled out of the puparium. At this time, the length 
of its wings increased greatly. At 10  min, the width of its wings 
increased greatly. As the wings unfolding, wrinkles on the wings 
reduced greatly, and the remaining wrinkles were mainly distributed 
on the edge of the wings. At 15  min, wings were fully unfolded. b 
Morphological changes of the left forewing. At 0 min, the wing was 
confined in the pupa. The wing dissected out from the pupal case 
was small without wrinkles. At 1 min, the wing was still in the pupal 
case, but wrinkles appeared on the dissected wing. At 1.5  min, the 
wing shoulder protruded out of the pupal case, but remained folded 
in most part of the wing. At 2 min, the wing was fully protruded out 
of the pupal case. The length of the wing increased significantly. At 
3 min, wrinkles reduced and length of the wing continued to increase. 
At 10 min, the width of the wing increased significantly and wrinkles 
reduced greatly. At 15 min, the wing became flattened and wrinkles 
disappeared. c Dynamic change of wing width. d Dynamic change of 
wing length. e The wing in emergence. la and lb are incision. f The 
parameters of foldable unit. The foldable unit of la is closer to the 
foldable unit of adult, and the foldable unit of lb is close to the fold-
able unit of pupa. g–i The sections of right forewing at la. g The fold-
able unit of wing membranes were unfolded. h The surface area of 
foldable unit increase. i The wing veins have expanded. j–l The sec-
tions of right forewing at lb. j The foldable unit of wing membranes 
is still folded. k The surface area of foldable unit slightly increase. l 
The wing veins have expanded and wing membranes have not bonded 
together yet

◂
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