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SUMMARY

During the development of butterfly wing scales, ordered periodic cell membrane modulations 

occur at the upper surface of scale-forming cells, priming the formation of ridges. Ridges 

are critical for wing scale functionality, including structural color, wetting characteristics, and 

thermal performance. Here, we combine a morphoelastic model based on Föppl-von-Kármán plate 

theory with experimental observations to shed light on the biomechanical processes governing 

early-stage ridge formation in Painted Lady butterflies. By comparing the model predictions with 

time-resolved phase imaging data from live butterflies, we provide evidence that the onset of ridge 
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formation is governed by a mechanical buckling transition induced by the interplay of membrane 

growth and confinement through association with regularly spaced actin bundles. Beyond ridge 

formation in Painted Lady scales, our theory offers a rationale for the absence of scale ridges in 

the lower lamina of many lepidopterans and for the alternating ridge pattern of other butterfly 

species.

Graphical Abstract

Structurally diverse butterfly wing scale architectures are made from micro- and nanostructured 

cuticle and are secreted by individual cells during metamorphosis, but the biomechanical processes 

that enable scale structure formation are not well understood. Here, Totz et al. demonstrate that 

mechanical buckling initiates the formation of scale ridges.

INTRODUCTION

Mechanical pattern formation governs the morphogenesis1,2 of living matter across a 

wide range of length scales, spanning microbial biofilms,3 fungi,4 algae,5,6 plants,7,8 

and animals.9–12 Despite biological constraints on available material resources, synthesis 

processes, and growth conditions, developing organisms can create intricate microscale 

structures whose complexity remains challenging to replicate with current manufacturing 

technologies.13
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The insect order Lepidoptera, encompassing butterflies and moths, offers a particularly 

fruitful ground for biophysical and biomechanical discovery with potential to inspire design 

strategies for multifunctional materials.13,14 The wing scales of many butterfly species 

are well known to employ photonic crystals to generate striking iridescent colors,15–17 

tailor their wetting characteristics,18 enable thermal regulation,19 facilitate sonic cloaking,20 

and improve aerodynamics.21 Thus far unmatched by synthetic analogs,13 the remarkable 

functionality of butterfly wing scales is not only rooted in their material composition but 

is controlled in large part through material structuring at the nano- and microscale. Yet, 

although the earliest studies on butterfly scale development date back to the mid-19th 

century,22 relatively little is known about the mechanical and physical processes that enable 

scale formation.

A prominent structural feature found in the wing scales of many butterfly species are the 

ridges that typically run down the scale’s upper surface (Figure 1), whereas the lower 

surface is often a flat lamina.23 The ridges are key contributors to the scale’s functionality, 

as the specialization of the ridge morphology can tune the thermal emissivity,24 diffractive 

optics,15,25,26 and self-cleaning.27 Ridges have been observed on scales as far back as the 

Triassic period,28 indicating that ridges are a robust and reproducible feature of scale cells. 

How biochemical and biophysical mechanisms jointly determine the formation of ridges 

still poses many open questions. Several stages and processes are involved in the formation 

of ridges, including the shaping of the scale cell membrane, the secretion of cuticle, and 

the shaping of the secreted cuticle through as-of-yet unspecified mechanical processes that 

involve cuticle sclerotization and hardening.29–31 In this manuscript, we focus on the very 

early stages of ridge formation, primarily governed by the shaping of the scale membrane 

into regular undulations where ridges will form. As previously shown by transmission 

electron microscopy studies of fixed scale cells,29,30,32,33 the scale surface begins flat and 

then deforms into raised wrinkles at regular intervals. At the top of these wrinkles, which 

we may refer to as “protoridges,” cuticle is later secreted and shaped into a stacked lamellae 

architecture. Although earlier studies of butterfly scales point out various similarities to 

buckling patterns,26,34 a detailed mechanical characterization of growing scales is still 

lacking.

In her seminal 1974 paper, Helen Ghiradella31 described how, on a single ridge that 

is already established, the cuticular folds of the lamellae have a periodic spacing that 

is plausibly consistent with wrinkling of a thin plate. Importantly, while Ghiradella 

hypothesizes a different buckling event for the initial protoridge—the foundation on which 

the ridge matures and grows—the mechanical phenomena involved in protoridge formation 

have yet to be identified and analyzed. A key difficulty in studying the mechanics has 

lain with the lack of in vivo methods to characterize the wing scale cell surface in situ. 

We recently developed a method using quantitative phase imaging to visualize butterfly 

wing scales in vivo35 and to quantify the localization of membranes in thick animal tissues 

with nanometer-scale sensitivity.36 To our knowledge, no other method to date has been 

demonstrated to record nanoscale height variations of the surface of the wing scales in 
vivo during scale formation. Our imaging approach allows us to observe how the surface 

morphologies of scale cells change over time within an individual pupa; moreover, our 

approach leaves the scale cells undisturbed in their natural environment on the developing 
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wing tissue. We thus have a method with which to visualize the earliest moments of 

protoridge formation and to evaluate the predictions of mechanical models.

Here, we present in vivo evidence of the mechanical instability that shapes the butterfly 

scale’s initial surface, which serves as the structural basis for subsequent ridge growth 

and maturation. We propose a theoretical model based on mechanical buckling that agrees 

well with the experimental observations.10 In particular, this model clarifies the role that 

structural elements, such as actin, play in protoridge growth. Moreover, by analyzing 

the parameters that drive the buckling of the protoridge, we identify a generic physical 

mechanism by which butterflies may control early-stage ridge formation.

RESULTS

Mapping evolving profiles of growing protoridges in vivo using phase microscopy

Like any other lepidopteran, the Painted Lady butterfly (Vanessa cardui L., 1758) grows 

scales that cover its wings during its pupal stage (Figure 1A). To visualize the growth of 

scales and the formation of their functional features, we previously developed a method 

to continuously image growing butterfly wing tissue in vivo.35 To allow optical access 

to the wing during scale growth, a portion of the pupal case is surgically removed. With 

speckle-correlation reflection phase microscopy, we can then observe microscopic features 

with a lateral resolution of ~ 500 nm and detect surface height variations down to about 10 

nm, while avoiding photodamage. Finally, we rotate the data volume such that the angled 

scales are oriented flat.

We focus our observations on the early-stage patterning of the top (abwing) surface of cells 

forming cover scales on the hindwing, corresponding to the first step in the transformation of 

a flat membrane to complex cuticular surface modulations that contribute to the scale’s 

functional properties (Figures 1B–1D). After approximately 35%–45% of development 

(roughly about 3.5–4.5 days) has passed, the flat cell membrane wrinkles to develop into 

parallel undulations of around 100 nm in height over a time span of about 10 h (Figures 

1B–1G).

Prior studies on various species have shown that the ridges form between large actin bundles 

that also run the length of the scale in an evenly spaced distribution.37–40 Actin bundles 

are assemblies of roughly 20–200 individual actin filaments, key components of the cellular 

cytoskeleton that provides structural integrity to cells. Previous findings indicate that the 

spacing of this longitudinal structure remains constant during ridge development in vivo.35 

Combined with our observations, this suggests that the early stages of ridge formation are 

characterized by growth of the smooth scale surface between actin bundles to produce a 

wrinkle or protoridge. To validate this idea, we next formulate and test a biomechanical 

buckling model that accounts for the combined effects of cell growth and elasticity, actin 

bundles, and effective cytoplasmic pressure.

A mechanical buckling model for the onset of scale structure formation

We hypothesize that a robust morphoelastic mechanism governs the early-stage evolution 

of the scale cell topography. As the cell membrane grows, it is constrained by the 
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sub-membrane scaffold of actin bundles (Figures 2A and 2B). This leads to an elastic 

deformation of the scale cell membrane, which is equivalent to the buckling of a thin 

plate under biaxial compression.41 Due to the presence of cytoplasmic pressure, the cell 

membrane buckles outward (Figures 2C and 2D). Here, we consider the basic case where the 

membrane growth is locally isotropic; our modeling also shows that moderately anisotropic 

growth conditions also lead to similar buckling deformations.

To test the validity of this hypothesized mechanism, we predict the height of protoridges of 

the buckling cell membrane as a function of Young’s modulus Y  and growth strain g using 

classical Föppl-von-Kármán (FvK) plate equations expressed as follows (see Note S2 for the 

derivation):

DΔ2w + ℎY gΔw − ℎ[χ, w] = p,

(Equation 1)

Δ2χ + Y KG = 0.

(Equation 2)

Here, w is the ridge height, χ is the Airy stress potential, which measures the in-plane 

stress state, D = Y ℎ3

12(1 − ν2)
 is the bending modulus with ν being the Poisson ratio, p is the 

outward pressure differential between the cell-internal and cell-external spaces, ℎ is the plate 

thickness, Δ2 is the biharmonic operator, and [., .] is the Monge-Ampère bracket operator 

(see experimental procedures section and Note S2; Equation E6). The growth strain g
measures the relative differences dl between original distances ℓ0 and distances after growth 

ℓg in the plate: g = δℓ/ℓ0. In Equation 1, which balances out-of-plane stresses acting on 

the plate, the first term describes the stress due to bending of a flat reference state; the 

second term is the stress related to the growth-induced prestrain; the third term is the stress 

due to stretching. All these terms are balanced by a spatially uniform transverse pressure 

p. Equation 2 describes the in-plane stress balance of the plate, whose source term is the 

Gaussian curvature KG = ∂2w
∂x2

∂2w
∂y2 − ∂2w

∂x∂y

2
 of the surface.

The periodically spaced actin bundles underneath the scale cell membrane effectively 

divide the scale surface into repeating parallel domains with comparable growth dynamics; 

therefore, we focus on a single surface region confined between two actin bundles. 

Informed by experimental observations of early-stage ridge development (Figure 1) where 

the measured surface height variation perpendicular to the actin bundles (along x axis) is 

greater than along the bundle direction (along y axis), we assume that the scale surface 

profile is constant along the dimension of the actin bundles; this approximation removes the 

nonlinear terms from the FvK equations, because the Monge-Ampère bracket simplifies to 

[χ, w] = 0 (see Note S2).
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For the interaction between actin bundles and cell membrane, we assume the limiting case 

of a spatially continuous tight attachment. While previous observations and interpretations 

provide indications that the actin bundles may have discrete, spatially distributed attachment 

points on the membrane at later stages of ridge development where chitin secretion 

has started,30 in the early stages of the ridge development that are considered here, 

the assumption of homogeneously tight attachment appears validated by experimental 

observations of protoridges (Figure 1D). Assuming a tight actin bundle attachment and 

taking into account the experimentally observed continuous and periodically repeating 

surface height variations across actin bundles, we therefore impose clamped boundary 

conditions, ∂w
∂x = 0 and w = 0, at the location of the actin bundles.

Using the Rayleigh-Ritz approximation method to compute the maximum amplitude 

a = w(x = 0), where x = 0 marks the location centered between two actin bundles,42 we can 

analyze how the protoridge amplitude depends on the relevant mechanical and geometrical 

parameters (Figure 2E):

g
gc

= 1 + 3ℎ2a2
4 − pL2

aπ2Y gcℎ3 .

(Equation 3)

Here, gc is the critical growth strain for the pressure differential between cell inside and 

outside being p = 0, which is given by

gc = π2
3 1 − ν2

ℎ
L

2
.

(Equation 4)

The amplitude increases with larger growth strains g and larger distances between actin 

bundles L, since there is more material that can buckle outward. Higher outward pressures 

p also result in ridges with larger amplitude, a trend that is countered by an increase in 

membrane stiffness measured by the Young’s modulus Y .

We compare our model against the mean in vivo protoridge profiles measured 

experimentally across time for an individual Painted Lady pupa (Figures 3A–3E). For each 

time point, we manually select surface regions from three to five scales, reconstruct the 

scale surface height from the phase data, algorithmically segment protoridges as identified 

by buckled surfaces, and measure profiles along these protoridges (see experimental 

procedures, Note S1, and Figure S1 for details). To compare these in vivo profiles to each 

other, we normalize their width to a reference length L = 1.6 μm and scale the height of 

the profile by the same normalization factor to facilitate comparison without bias between 

protoridges. We note that the profile amplitudes for 40.3% development time and 40.7% 

development time are very similar, and we further note that the 40.7% development time 

point has data skewed toward smaller profiles. At this time in our surface maps, we observe 

a transition from somewhat irregular ridges to very regular ridges. This indicates that 
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buckling is not uniform for developmental times earlier than 40.3%, is just beginning to 

manifest fully at 40.7% development, but soon thereafter becomes regular. To facilitate 

comparison across 3,722 height profiles, we examine the scaled maximum amplitude, w0, of 

each profile measurement and find a gradual increase in protoridge height in vivo (Figure 

3F). During the observed developmental time span, the mean protoridge widths appear to 

remain fairly constant and do not vary systematically as the butterfly develops (Figure 3G).

When we numerically implement our model with biologically realistic values of Young’s 

modulus Y  for soft cuticle (104 − 108 Pa),43 pressure p = 10 Pa, width L = 1.6 μm35, Poisson 

ratio ν = 0.5, and thickness ℎ = 20 nm30, we find that the theoretical predictions agree well 

with the experimentally observed profiles in amplitude as well as shape (Figures 3A–3E). 

We note that the standard deviation of the in vivo measurements may pass below zero at 

the edges, which may be ascribed to biological variability: as the cell membrane grows and 

the cell develops, it is possible that small fluctuations in pressure locally—which can be 

considered in physical terms as conservation of the cytoplasmic bulk—induce a secondary 

deflection inward. Additionally, small material irregularities in the cell membrane, in the 

cytoplasm, and on the actin bundle or other cellular components are likely to locally perturb 

the wing surfaces in the in vivo experiments.

We can further evaluate the amount of growth strain that realizes the observed buckling 

amplitude for a given stiffness (Figure 3H). By tracing out the isocurves that correspond 

to the mean in vivo profile amplitudes, our model can predict feasible time courses of 

Y  and g. In addition, we can use the model to place bounds on the material properties 

of the wing surface. If the stiffness of the scale surface does not decrease (a reasonable 

assumption, given the increase of cuticle material during scale growth), we find a lower 

bound of Y min = 3.5 × 106 Pa. Thus, the buckling model is not only supported by our empirical 

observations but also offers additional insight into the attributes of the forming scale surface.

Rationalizing the early-stage mechanics of ridge formation

A tight association of the scale cell membrane with the underlying actin bundles effectively 

induces the isolation of the long, thin sections of membrane located between pairs of 

actin bundles. For each of these membrane sections, isotropic growth leads to first-order 

buckling; this is substantially more straightforward than controlling higher-order wrinkling 

instabilities over the entire surface of the scale, which would require the cell membrane’s 

stiffness and bending modulus to be precisely tuned to the factors driving actin bundle 

spacing, such that the protoridges are aligned between the actin bundles.

One of the functions of the actin bundles appears to be to confine the growing membrane 

to help shape the wing scale morphology. It has long been documented that actin bundle 

spacing in the growing scales is closely aligned with the spacing of scale ridges.37–40 

Dinwiddie et al.39 further demonstrated that inhibition of actin assembly with cytochalasin 

D prevents scale ridges from properly forming, reasonably prompting the notion that actin 

bundles somehow drive ridge formation. However, the mechanism by which this happens 

has not previously been specified. Our morphoelastic model now allows us to propose a 
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mechanism: actin places constraints on the growing cell membrane leading to the creation of 

ordered membrane buckles, which appears to be the first step in forming scale ridges.

Inter-bundle spacing influences propensity to form protoridges

While the evidence suggests that scale ridges are prepatterned by actin bundles, it is 

important to consider the regions where the presence of actin bundles does not lead to 

protoridges. The most widespread example of this can be seen in the lower lamina that 

comprises the lower surface of many scales; although periodic actin bundles line the lower 

membrane during development of such scales (Figure 4A, top), protoridges do not form, 

and the cuticle forms a relatively flat surface.44,45 An example of that effect is shown in 

the transmission electron micrograph of a developing scale of the Orange Sulphur butterfly 

Colias eurytheme (Figure 4A). Another example for the suppression of protoridges was 

reported in the silver scales of the Gulf Fritillary butterfly, Agraulis vanillae39: rather than 

having a ridge between every pair of actin bundles, every other alternating interstitial region 

does not form a ridge (Figure 4B). In both cases, the regions devoid of ridges have a smaller 

distance between actin bundles compared to regions on the same scale where ridges form 

(Figures 4A and 4B).

How does the interstitial spacing between actin bundles affect ridge formation? Examination 

of the solution of the FvK equations (Equations 1 and 2) reveals that the buckling 

transition occurs at a critical growth strain, gc ∝ L−2 (Equation 4). Thus, smaller interstitial 

regions require substantially larger area growth to produce a membrane buckle that forms 

a protoridge. This effect is illustrated by the results from the mechanical modeling of 

protoridge formation (Figure 4C).

Figure 4 illustrates two ways that the butterfly may achieve a reduced interstitial spacing to 

prevent membrane buckling. For the alternating ridge and double actin bundle morphology 

found in A. vanillae scales, the spacing between adjacent actin bundles alternates between a 

larger value L1 and a smaller value L2. In the case of the lower lamina of Colias eurytheme 

scales, the actin bundles are remarkably large, reducing the interstitial space between the 

bundles. Already Ghiradella noted that it is common to find larger bundles on the lower 

scale side of the developing cells of many butterfly species.23 Regardless of the strategy 

used, a larger spacing (L1) leads to ridges, while a smaller spacing (L2) does not yield 

appreciable ridges. Our model thus suggests that actin bundles not only locate the position of 

ridges but can also affect whether ridges form or are suppressed based on actin bundle size 

and distribution.

DISCUSSION

We present quantitative experimental data for the early development of butterfly scale 

features (Figure 1) and demonstrate with a theoretical model (Figure 2) how a generic 

instability based on constrained growth leads to robust ordered surface undulations based on 

the formation of parallel membrane buckles prepatterned by the regular arrangement of actin 

bundles. The model predictions agree with experimentally measured membrane undulations 

for biologically realistic model parameters (Figure 3). Furthermore, the theory offers a 
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rationale for the morphology of the lower lamina of the wing scales that is commonly found 

across Lepidoptera,47 and explains when ridges do not form on the butterfly wing scale 

(Figure 4).

Our experimentally validated model provides a starting point for developing more detailed 

growth models that also take into account the influence of thermal fluctuations,48 bilayer 

systems, and the role of enclosing fluid layers or substrates.49,50 Furthermore, extensions of 

this model will make it possible to explore higher-order instabilities that lead to serpentine 

ridges.51 An important open question not explored here concerns the formation of the actin 

scaffold, which must require an as-of-yet unknown symmetry-breaking mechanism. While 

proteins that help organize actin bundles have been identified in the homologous bristle 

structures in Drosophila,52 further modeling and genetic and proteomic studies are needed 

to determine the regulation of actin bundling patterning at the early stages of scale and 

ridge formation in butterflies. An equally intriguing open problem is the formation of ridge 

multilayers that form during later stages of butterfly wing development.

More generally, the above analysis may provide guidance for investigating topographical 

surface patterning in other biological systems. Regular parallel surface undulations and 

patterns are a prominent motif found in bristles, hairs, and scales of flies, butterflies, spiders, 

and mosquitoes,33,52–54 on the C. elegans body,55,56 on butterfly eggs,57 and in flea scales.58 

Often, such structures are formed on the surfaces of single cells and, hence, could rely on 

actin-constrained formation mechanisms similar to those identified here. Last but not least, 

due to the generic nature and transferability of elasticity models, the above results may offer 

insights into how ordered microscale wrinkled structures for engineering applications could 

be formed with more precision and more scalability than currently achievable with human 

technology.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the lead contact, Mathias Kolle (mkolle@mit.edu).

Materials availability—This study did not generate new unique materials.

Data and code availability—Our data are publicly available on the Zenodo Database: 

https://doi.org/10.5281/zenodo.8369073.59 Our code for data processing is available on the 

Zenodo Database: https://doi.org/10.5281/zenodo.10994275,60 and the modeling code for 

plate mechanics is on the Zenodo Database: https://doi.org/10.5281/zenodo.11375797.61

Scanning electron microscopy

Scales of butterfly wings were imaged on a Zeiss Gemini Ultra 55 field-emission scanning 

electron microscope operating at 5 kV, after being covered with a thin gold layer of around 5 

nm thickness using a Cressington 108Auto sputter coater to prevent charging
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Live surgery and imaging

We gathered continuous in vivo quantitative phase imaging data from a single V. cardui pupa 

throughout almost its entire pupation. Other portions of the resulting dataset related to a 

broader range of developmental time points, which are not shown here, were previously used 

in McDougal et al.35 and made available at Zenodo (Zenodo Data: https://doi.org/10.5281/

zenodo.5532941). Briefly, the hindwing tissue is exposed approximately2h after the onset of 

pupation by peeling back the pupal case together with the forewing; the exposed hindwing 

tissue is then protected with a cover slip, which is sealed to the outer pupal case with dental 

glue.

After surgery, the pupa’s exposed wing is imaged with speckle-correlation reflection phase 

microscopy, as previously described.35 The resulting raw interferogram data are processed to 

yield amplitude and phase information of the butterfly surface, with a lateral resolution of ~ 

500 nm and an axial resolution of ~ 1 μm; notably, the phase data quantify surface height 

variation with a sensitivity of ~ 10 nm.

Phase data analysis

The phase data captured in vivo are wrapped on the phase of 2π. For 2D unwrapping 

(Figures 1B–1D), we first select a region of phase data that shows the scale’s surface and 

then employ the phase unwrapping algorithm from the scikit-image package62 in Python. 

For 1D unwrapping (Figures 1E–1G), we extract the phase data along a line and then 

unwrap that phase profile using the function “unwrap” in MATLAB (MathWorks, Natick 

MA). The phase of the unwrapped image or line is then converted to height information. 

Finally, we rotate the height data so that the best-fit plane of the scale surface lies flat.

Plate theory

A detailed derivation of the equations is given in Note S2. The Monge-Ampère bracket is 

defined as

[χ, w] = ∂2χ
∂x2

∂2w
∂y2 + ∂2w

∂x2
∂2χ
∂y2 − 2 ∂2χ

∂x∂y
∂2w
∂x∂y .

(Equation 5)

Comparison of in vivo observed and modeled protoridge data

We use Mathematica 13.1 (Wolfram, Champaign IL) to numerically solve Equation 3, given 

the parameters in Table S1, for the buckling amplitude a that is plotted in Figures 3H and 

4C and to fit the model curves to the experimental data of Figure 3. To quantify the in vivo 
height profiles of Figures 3A–3E, we manually select surface regions from scales at each 

time point. The phase data from these regions are then unwrapped as described above to 

derive the height of the scale surface and flatten the region. To segment protoridges from 

an individual scale surface region, the mean profile of the region is calculated; from this 

mean profile, the protoridge boundaries are determined by the minima surrounding a peak. 

The entire length of the selected surface region is then cut by these boundaries to select 

the protoridge. This protoridge is then laid flat, and individual profiles are measured down 
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the length of the protoridge. A common challenge in phase unwrapping is handling phase 

residues,63 which can lead to local surface inconsistencies that may affect the analysis. Since 

perfect linear phase unwrapping assumes that pixel-to-pixel phase does not jump by more 

than π, we apply a conservative filter for profiles that display a phase jump greater than 

3π/4 (191 of 4,074 profiles excluded). To record the height, we then rotate each segmented 

protoridge so that it lays flat on its own best-fit plane. We further filter out any profile that 

falls 20 nm below the edge of the segmented region to focus on well-segmented growing 

surfaces (161 of 3,883 profiles excluded). To comparatively analyze the ridges despite the 

intrinsic biological variability, we spatially rescale all ridges, so that their actin bundle 

distances L are normalized.

To specify L1, A and L2, A for use in Figure 4C, we measure the distance between the inner 

edges of the top and bottom actin bundles shown in Figure 4A.31 We use the average of four 

measurements from the original source of Figure 4B39 to specify each of the values for L1, B

and L2, B.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

In vivo phase microscopy of developing scales captures the onset of buckling

Model shows that mechanical buckling instabilities drive initial ridge formation

Actin bundle size and spacing can determine buckling and where ridges form
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Figure 1. In vivo phase data from the surface of young scales shows the early formation of ridges
(A) The wing surfaces of the V. cardui butterfly (i) are covered by minute scales (ii), 

the ultrastructure of which we visualize via scanning electron microscopy (iii). The scales 

feature prominent ridges that run along the length of the scale on the upper surface (iv).

(B–D) Surface height maps, derived from in vivo quantitative phase data of wing scales on a 

single individual, show the transition from a relatively smooth surface to regular protoridges 

at 35.8% (B), 40.0% (C), and 41.0% (D) of pupal development.

(E–G) Profiles taken from centerlines in (B)–(D) show the increasing height of the nascent 

protoridges with increasing pupal development time. Scale bars: (Aii) 200 μm; (Aiii) 20 μm; 

(Aiv) 2 μm; (B–D) 2 μm.
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Figure 2. Plate model of constrained growth leads to ridge buckling
(A and B) Relevant biological observables for the model are parallel actin bundles (orange) 

just within the cell surface (cuticle and membrane, in blue), shown as a projection in (A) 

and cross-section with the abwing side up in (B); images were adapted under the terms of 

the CC-BY license from Pomerantz et al.,33 Copyright 2021, Aaron F. Pomerantz. Blue and 

orange colors are added to highlight relevant parts of the cross-section.

(C) Growth, compression, bending, actin-membrane coupling, and internal pressure together 

lead to a buckling transition from a flat to a buckled plate.

(D) Numerical solutions of plate equations (Equations 1 and 2) incorporating the mechanical 

features shown in (C) demonstrating growth-induced buckling.

(E) Buckling profiles obtained as solutions of the weakly nonlinear Föppl-von-Kármán plate 

Equations 1 and 2 show the influence of a realistic range of mechanical and geometrical 

parameters on the buckling amplitude. Model parameters: ν = 0.5, g = 0.01, p = 10 Pa, 

Y = 106 Pa, ℎ = 20 nm, and L = 1.8 μm. Scale bars: (A) 5 μm; (B) 500 nm.
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Figure 3. Validation of mechanical buckling hypothesis for early ridge formation
(A–E) Mean values (black) and standard deviation (gray) of in vivo height profiles w along 

position x across the protoridge, matched to predicted height profiles based on the plate 

mechanics model (dashed curves); height w is scaled with width L of the protoridge (see 

main text and experimental procedures).

(F) Violin plots of the distribution of in vivo protoridge amplitudes w0, scaled to a 

reference width of 1.6 μm for morphological comparison against each other and against 

the simulation, for each time point of development in (A)–(E); shown are the first to third 

quartile (gray bar), mean (white point), and median (gray line); translucent dots indicate 

every profile measured at each time point (n = 607, 639, 744, 821, and 911, respectively) for 

development times 39.6%, 40.0%, 40.3%, 40.6%, and 41.0%.

(G) Violin plots of the distribution of protoridge widths L (unscaled) corresponding to (F).

(H) Phase space of the amplitude w0 of buckled solutions to numerical simulations for values 

of Young’s modulus Y  and growth strain g. Dashed lines show the isocontours that match 

the amplitudes of the mean profiles in (A)–(E). Note that the curves for 40.3% and 40.7% 

development time are very closely overlapping. Model parameters: p = 10 Pa, ν = 0.5, ℎ = 20
nm, and bundle distance L = 1.6 μm.
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Figure 4. Validation of mechanical buckling hypothesis for early ridge formation
(A) Transmission electron microscopy cross-section of developing scale of Colias 
eurytheme, adapted with permission from Ghiradella,31 Copyright 1974, John Wiley & 

Sons; wing image used under the terms of the CC-BY-ND license from Ficarrotta et al.46 

Protoridges form on the upper surface, which has ample spacing L1 between bundles of actin 

(also known as microfilaments, indicated by MF); the lower surface, which has significantly 

smaller spacing between actin bundles L2, remains flat.

(B) Confocal fluorescence image of the upper surface of a silver wing scale on Agraulis 
vanillae, adapted with permission from Dinwiddie,39 Copyright 2014, Elsevier. These wing 

scales only produce protoridges between every other actin bundle; the spacing between actin 

bundles with protoridges L1 is larger than the spacing without protoridges L2.

(C) Phase space of height profiles shows numerical solutions of the scale surface as function 

of actin bundle spacing L and growth strain g. Black dashed lines indicate actin bundle 

spacings L from (A) and (B) and Figure 3. For reference, the gray lines correspond to 

isocontour amplitudes of 0.1 nm, 1 nm, and 10 nm, respectively. Scale bars: (A) 200 nm; (B) 

2 μm. Model parameters: p = 10 Pa, ν = 0.5, h = 20 nm, and Y = 1 MPa.
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