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Abstract: Mechanical instability plays a pivotal role in the morphomechanics of 10 

growing biological tissues, shaping complex architectures across multiple length scales. 11 

However, the mechanical origins of ubiquitous multiscale hierarchical instability in 12 

tissue morphogenesis remain unresolved. Existing models predominantly focus on 13 

single-scale elastic instabilities (e.g., wrinkling and buckling), neglecting the time-14 

dependent viscoelastic relaxation that governs real tissue dynamics. Here, we establish 15 

a viscoelastic epithelial-submucosal model incorporating growth-induced stress to 16 

investigate spatiotemporal morphological evolution. We characterize hierarchical 17 

instability as a multiscale steady-state morphology with coexisting wrinkling and global 18 

buckling, and obtain analytical solutions for their viscoelasticity-dependent critical 19 

instability criteria. We further propose time-window and energy-competition criteria 20 

and construct a phase diagram, mapping the selection of wrinkling, hierarchical, and 21 

buckling patterns across the parameter space. This work provides a theoretical tool 22 

linking tissue mechanics to morphological outcomes, addressing limitations of elastic 23 

approximations and elucidating time-dependent constitutive impacts on instability 24 

criteria. 25 
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Introduction 28 

The geometric morphologies of biological tissues serves as the structural basis for 29 

their physiological function and pathological progression 1, 2, tightly coupled to the 30 

development 3, 4, pathological evolution 5, 6 and cancer diagnosis of living organisms 7. 31 

Across cellular to tissue scales, living tissues sculpt complex functional morphologies 32 

through tightly regulated mechanical processes. Notably, under confined spatial 33 

environments, growth-induced mechanical instability emerges as a recurring 34 

mechanism for pattern formation, generating diverse structures ranging from 35 

microscopic surface wrinkling to macroscopic buckling8, 9. Classic examples include 36 

the folded gyri of the cerebral cortex constrained within the skull 10, 11 and epithelial 37 

folding in spherically confined organoids 3, as illustrated in Figs. 1(a) and (b). Strikingly, 38 

beyond these single-scale patterns, hierarchical instability-driven morphologies as 39 

shown in Fig. 1(c), characterized by the coexistence of multiple length scales, widely 40 

emerge during tissue development as well 12, 13, 14. A paradigmatic example is the crypt-41 

villus architecture lining the mammalian digestive tract [Fig. 1 (d)], in which long-42 

wavelength epithelial folds (~mm scale) 15 coexist with shorter-wavelength villus and 43 

crypt structures (~μm scale) 16. This multiscale structure maximizes nutrient absorption 44 

area, showing the critical biological significance of hierarchical morphogenesis. Our 45 

numerical simulations [Figs. 1(a’)-(d’)] recapitulate these experimentally observed 46 

representative morphologies, confirming that mechanical instability alone can generate 47 

morphological characteristics seen in vivo. 48 
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 49 

Fig. 1 Morphological evolution pattern of soft tissues in growth. (a) Surface wrinkling in chick gut 50 
lumen. Adapted from Shyer et al.9 with permission from AAAS. (b) Global buckling in the 51 
epithelium growing under spherical confinement. Adapted from Trushko et al. 3 with permission 52 
from Elsevier. (c) Hierarchical instability in chick gut. Adapted from Gill et al. 12 with permission 53 
from PNAS. (d) The morphology evolution of the chick hindgut transverse sections. Adapted from 54 
Gill et al. 13 with permission from Elsevier. (a’), (b’), (c’) and (d’) represent the results of our 55 
corresponding numerical simulations, shown alongside representative experimental morphologies 56 
for qualitative comparison. 57 

Wrinkling or buckling have been recognized as a powerful mechanical mechanism 58 

underpinning tissue morphogenesis during growth 17, 18, 19, 20, 21. However, most 59 

previous morphogenetic studies have been focused on single-scale morphology 60 

formation under the static or quasi-static perspective 22, 23, 24, 25, 26. These classical 61 

frameworks adequately describe the final steady-state morphology of idealized elastic 62 

systems but fail to capture the time-dependent spatiotemporal evolution observed in 63 

real developing tissues. Most critically, they are difficult to explain the origin or 64 

stability of hierarchical multiscale structures, which remain a central unresolved 65 

problem in biological physics and developmental mechanics. In fact, the effective 66 

viscoelastic rheology of epithelial cell and tissues originates from rearrangements over 67 

a broad range of subcellular and extracellular scales, particularly exhibiting power-law 68 

rheological characteristics 27, 28, 29, 30. Turnover of the actomyosin cortex, remodeling of 69 

cell–cell junctions, basement-membrane reorganization, and extracellular-matrix 70 

crosslinking can all contribute to broad relaxation spectra 31, 32, 33. Their collective 71 

effects are coarse-grained into the reference modulus and power-law exponents of the 72 

epithelia and tissues. While the rate dependence and memory effects introduce a 73 

0 10.5
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temporal dimension to morphological evolution which is absent in elastic theories. 74 

Accordingly, we speculate that hierarchical morphologies of soft tissues may arise from 75 

the spatiotemporal coupling of multiscale instabilities within viscoelastic effects. To 76 

date, however, quantitative critical conditions for microscopic wrinkling, macroscopic 77 

buckling, and hierarchical transitions, as well as the regulatory role of viscoelasticity in 78 

morphological evolution, remain elusive.  79 

In this work, we address these questions by developing an effective theoretical 80 

framework for the morphomechanics of growing viscoelastic layered tissues. We focus 81 

specifically on the epithelial-submucosal bilayer configuration, which is representative 82 

of many biological systems including the digestive tract, respiratory tract, brain and 83 

skin 17. We derive closed-form analytical solutions for the critical instability conditions, 84 

characteristic timescales, and nonlinear amplitude evolution of both wrinkling and 85 

buckling patterns. We elucidate the mechanical origin of hierarchical instability, 86 

proposing two complementary quantitative criteria, the time-window criterion and the 87 

energy-competition criterion, which govern morphological pattern selection. Using 88 

these criteria, we construct an analytical phase diagram that maps steady-state 89 

morphologies across the parameter space of tissue geometry, material properties, and 90 

growth kinetics. This work not only resolves longstanding discrepancies between 91 

elastic predictions and experimental observations, but also provides a predictive tool 92 

for applications spanning artificial organs 11, 34 and bio-inspired materials design 35, 36. 93 

Results 94 

Competing instability modes yield three distinct folding pathways  95 

 We idealize the mucosal epithelium and its underlying submucosa as a perfectly 96 

bonded bilayer subjected to differential growth. The epithelial film and submucosal 97 

substrate are denoted by subscripts f and s, with thickness h and H, respectively. Both 98 

layers are represented by effective power-law viscoelastic constitutive relations 29, 37, 99 

while differential growth is emulated via mismatched thermal dilatation(see detailed in 100 

Method and Supplementary Note 1). The primary dimensionless control parameters are 101 
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geometric ratio ( H h= ), material property ratios (modulus ratio f sE E=  and 102 

power-law exponent ratio α β=  ), and growth rate ratio ( f sG G=  ), to map 103 

morphological evolution driven by growth strain mismatch and time-dependent 104 

mechanical contrast.  105 

 Through extensive numerical simulations, we recapitulate the temporal and spatial 106 

evolutions of surface wrinkles and post-buckling in viscoelastic tissues, driven by 107 

growth disparity ( ) and time-dependent mechanical mismatch ( ,  ) between the 108 

epithelial and submucosal layers. Notably, the post-buckling morphological evolution 109 

exhibits the pronounced time-dependent behavior and geometric nonlinearity, with 110 

distinct morphological bifurcations (surface wrinkling, hierarchical instability, and 111 

global buckling) across the parameter spaces ( , ,  and  ), consistent with the 112 

trend of representative experimental observations, as delineated in Fig. 2. 113 

 114 

Fig. 2 Classification of post-buckling evolution pathways of biological tissues. (a) Surface wrinkling: 115 
After initiation, wrinkle amplitude increases monotonically to a stable state, analogous to epithelial 116 
folding and intestinal villus protrusion. (b) Hierarchical instability: Post-wrinkling, global buckling 117 
is triggered while surface wrinkles persist stably, forming multiscale instability, similar to 118 
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concurrent intestinal crypts and villi. (c) Global buckling: Surface wrinkles gradually attenuate, 119 
eventually evolving into global buckling, reminiscent of protrusive wrinkling in biological 120 
membranes. Insets in (a-c) adapted from Pozzer et al. 38 with permission from Wiley, Gill et al. 13 121 
with permission from Elsevier, and Gregório et al. 39 with permission from Company of Biologists 122 
LTD., respectively. (d) Different morphological bifurcations of temporal and spatial evolution 123 
diagrams. Numerical simulation parameters: (a) 50=  , 32=  , 3.0=   and 0.6=  , (b) 124 

25= , 64= , 3.0=  and 0.6= , (c) 10= , 10= , 1.0=  and 0.6= . 125 

 Besides, we identify three distinct steady-state instability modes across a broad 126 

parameter space of the growing viscoelastic epithelial-submucosal system, each 127 

governed by geometric ratio  , modulus ratios   and growth rate ratios  , with 128 

unique spatiotemporal evolution pathways for each mode. First, surface wrinkling 129 

emerges and persists in the thin-film/thick-substrate regime ( 10  ) at high   or 130 

  [Fig. 2(a)], consistent with prior studies on surface instability 23, 40. The mechanical 131 

constraint from the thick submucosa locks surface wrinkling with no further bifurcation 132 

during growth, and the wrinkle amplitude converges to a stable saturation value. Second, 133 

hierarchical instability is captured as the terminal morphology under intermediate 134 

values of  ,   and   [Fig. 2(b)]. Initial surface wrinkling reduces the epithelial 135 

effective bending stiffness, lowering the critical Euler buckling threshold and triggering 136 

a secondary bifurcation to macroscopic bending. Crucially, the initial wrinkling mode 137 

does not dissipate, instead of the coupling co-evolution with wrinkling and buckling, 138 

terminating in a stable multiscale morphology with coexisting short-wavelength 139 

wrinkles and long-wavelength buckles. Third, global buckling is ultimately observed at 140 

low   or high   or   [Fig. 2(c)]. Conversely, insufficient mechanical constraint 141 

of submucosa sustains localized surface wrinkles. While surface wrinkling initiates first, 142 

global buckling onset rapidly dominates the post-buckling evolution. Driven by 143 

viscoelastic relaxation and stress redistribution, the initial short-wavelength wrinkles 144 

fully dissipate, leaving a stable macroscopic long-wavelength buckling morphology. 145 

 Analogous sets of three spatiotemporal bifurcation pathways are also observed in 146 

the ring-confined configuration, with the full morphological bifurcation map for both 147 

planar and ring geometries summarized in Fig. 2(d). This classification of steady-state 148 

instability modes directly reflects the competition between localized stress-driven 149 
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surface wrinkling and global stiffness-driven buckling, rooted in the inherent 150 

viscoelasticity and geometric nonlinearity of soft biological tissues. 151 

Relaxation mismatch governs wrinkling onset and wavelength 152 

 We adopt the Föppl–von Kármán theory and the viscoelastic bilayer film–substrate 153 

framework 41 to reveal the above underlying mechanisms. The time-dependent 154 

deflection ( ),w x t   of mucosa epithelium is governed by the fourth-order plate 155 

equation 42, 156 

 ( ) ( ) ( )
4 2

total

20

d
d ,

d

t

f x

w w
D t N h p x t

x
τ τ

τ

∇ ∂
− + =

∂∫ , (1) 157 

where ( )fD t   is the time-dependent bending stiffness. The in-plane force 158 

total

x g mN N N= +  represents the sum of the growth-induced compressive force ( )gN t  159 

and nonlinear force ( )mN t   within the epithelium. The epithelium deflection is 160 

described by ( ) ( ) ( ), cosw x t A t kx=   with the time-dependent amplitude ( )A t  , the 161 

wavenumber 2k π λ=  , and the wavelength λ  . The deflection-induced transverse 162 

force of the growing submucosa is expressed as 163 

( ) ( ) ( ) ( )
0

, , d d d
t

s s sp x t f kH v k E t w xγ τ τ τ= − ∂ ∂∫  22, 43 with the effective modulus of 164 

the submucosa 
sE   (Supplementary Note 1). Here, ( ), sf kH v   depends on the 165 

interface bonding conditions between the mucosa and the submucosa. Notably, 166 

( ), sf kH v  decreases with kH and approaches a constant ( ), 1 2sf v∞ =  for 10>  167 

(Supplementary Note 1). Additionally, ( )s cr cr sGγ τ τ= +   where 
sG   and 

crτ  168 

represent the growing rate of the submucosa and the characteristic time of mucosal 169 

folding, respectively 40.  170 

Within the framework of linear stability analysis, the critical compressive force 171 

cr

gN   and wavelength 
crλ   can be derived analytically by solving the eigenvalue 172 

problem (Supplementary Note 1). Biological soft tissues exhibit power-law viscoelastic 173 
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rheology 31, 32, 33, characterized by relaxation moduli as ( )f fE t E t α−=   and 174 

( )s sE t E t β−=  (see detailed in Method),whereα and β denote the power-law exponents 175 

of the mucosal epithelium and submucosa, respectively. Substituting these constitutive 176 

relations into the equilibrium equations and performing an inverse Laplace transform, 177 

we obtain the time-domain critical conditions for surface wrinkling (Supplementary 178 

Note 1), 179 

 

( ) ( )

11
2 33

2 3 3

2 33

3 2

2 3 2

3
, 2

4 3 3

11 9 1

64

cr

g s s surf cr surf

s

surf surf

s c s

c c
N E t h t

c
t t

G G G

α β α β
α α

α α

α β α α

ρ γ λ π κ
γ

ρ α

+ −
− −

− −

  = =   
   

− 
+ = 

 

 



, (2) 180 

where 1surf crt τ=   marks the onset of surface instability, ( ) ( ) 1
1 1cα α β −= Γ − Γ −  , 181 

( ) ( ) 1

1 1 2 3αρ β α β
−

= Γ − Γ − +     and ( ) 1

1 3ακ α β
−

= Γ − −     are dimensionless 182 

viscoelastic parameters. The other dimensionless parameters ( , ,  and  ) are 183 

explicitly defined by the tissue geometry, material properties, and growth kinetics.  184 

Fig. 3 summarizes the marginal stability boundaries for the normalized critical 185 

pressure 
cr

gN , critical wrinkling time 
surft , and critical wavelength 

crλ  as functions 186 

of the modulus ratio 
f sE E= , growth rate ratio 

f sG G= , epithelial thickness 187 

h, and power-law exponent ratio α β= . The critical pressure cr

gN  increases with 188 

both   and   [Fig. 3(a)], indicating that stiffer epithelia or stronger differential 189 

growth raise the threshold for wrinkling. The critical time 
surft  decreases with   190 

but increases with    [Fig. 3(b)], showing that a stiffer epithelium accelerates 191 

instability onset, while faster differential growth delays it. The critical wavelength crλ  192 

scales linearly with h, increases with  , and decreases with   [Figs. 3(c) and (d)]. 193 

Of particular importance, the exponent ratio   quantifies the viscoelastic mismatch 194 

between the two layers and exerts a decisive influence on the wrinkling morphology. 195 
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As shown in Figs. 3(e) and (f), crλ  increases monotonically with  , a trend mediated 196 

entirely through the critical wrinkling time 
surft  . In the special case of identical 197 

rheology ( 0α β= ≠  ), the common relaxation factor cancels from the spatial 198 

wavelength-selection problem. The wavelength of Eq. (2) reduce exactly to the elastic 199 

solution derived by Budday et al.22, while the growth-induced resultant and critical time 200 

remain history dependent. This result demonstrates that classical elastic models emerge 201 

as a limiting case of the present viscoelastic model, valid only when all layers share 202 

identical rheological properties. 203 

 204 

Fig. 3 Critical conditions governing surface instability in viscoelastic biological tissues. (a), (b) and 205 
(c) depict the critical normalized growth-induced pressure ( )cr cr

g g cN N hE=  , the critical surface 206 

wrinkling time 
surft  , and the critical wavelength 

crλ   under varying modulus ratios   . (d) 207 

Dependence of 
crλ  on   for different film thicknesses h. Variations of crλ  with (e)   and (f) 208 

  under different power-law exponent ratios   with 0.5β = . 209 

Besides, the critical wavelength in our simulations are consistent with this 210 

theoretical prediction [Fig. S2 in Supplementary Note 1]. Collectively, these results 211 

reveal that surface wrinkling in growing tissues arises from the interplay of geometric 212 

confinement h, material contrast (    and   ), and growth asymmetry (   ). 213 

Compared with purely elastic systems, viscoelastic tissues exhibit substantially time-214 

dependent wrinkling onset, controlled sensitively by the rheological mismatch between 215 
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layers. More importantly, tissue viscoelasticity endows post-buckling amplitude 216 

evolution with temporal memory and enables the spatial bifurcations that underlie 217 

hierarchical morphogenesis, as analyzed in the following section. 218 

Viscoelastic memory controls nonlinear amplitude evolution 219 

 Following the onset of surface wrinkling (
surft t≥ ), post-instability morphological 220 

evolution is governed by geometric nonlinearity, cumulative growth, and viscoelastic 221 

memory, leading to strongly time-dependent amplitude dynamics. As growth proceeds, 222 

the evolving wrinkle profile induces significant in-plane stretching, and the resulting 223 

nonlinear membrane force becomes dominant for rapid growth wrinkle amplitude, with 224 

its spatial average given by ( ) ( ) ( )2

0
, d 2 d d

t

m cN x t E t w xτ τ τ= − ∂ ∂∫  [see Fig. 225 

2]. To capture the full nonlinear and time-dependent response, we back to the 226 

viscoelastic equilibrium equation for bilayer tissues Eq. (2) again. Considering growth 227 

dynamics of epithelia, growth and relaxation operate on comparable timescales. 228 

Performing modal expansion on Eq. (2) and considering the dynamic approximation, 229 

yields the canonical Landau equation for the time-dependent amplitude evolution 230 

 3( )
( ) ( ) ( ) ( )

dA t
t A t t A t

dt
ψ η= − . (3) 231 

Here, the linear growth rate ( )tψ  reflects the balance between destabilizing driving 232 

force and resistance, while the nonlinear geometric saturation coefficient ( )tη  233 

(Supplementary Note 1). Accordingly, solving via separation of variables with initial 234 

amplitude ( ) 0surfA t A=  , the saturation amplitude can be obtained as 235 

( )sat /sat sat satA t ψ η=  , where 
satt   is defined as the amplitude saturation time of 236 

surface wrinkling, expressed as ( )surf

sat sat 0 satlnct t A A ψ≈ + . A fundamental departure 237 

from elastic theories emerges in the post-saturation creep, that is viscoelastic relaxation 238 

sustains slow amplitude growth long after growth-induced pressure saturates [see in Fig. 239 

4(a)]. Obviously, it demonstrates that the amplitude spatiotemporal evolution of 240 

viscoelastic soft tissues is not merely delayed but qualitatively reshaped by rheological 241 
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disparity, encoded in the power-law exponents α and β.  242 

 As wrinkling amplitude approaches saturation (
surf satt t t≤ <  ), cumulative 243 

deformation reduces effective global stiffness of soft tissue significantly while the 244 

growth-induced axial compression force ( ) ( ) ( )
0

d
t

eq

g eq gP t E t tτ ε τ= −∫    continues to 245 

rise. At a critical compression threshold, a secondary bifurcation to global buckling 246 

occurs, defining hierarchical instability as the superposition morphology with a stable 247 

coexistence of short-wavelength wrinkling and long-wavelength buckling. We treat this 248 

secondary instability via a viscoelastic Timoshenko beam model, yielding critical 249 

buckling force ( )cr

gP t , critical time ( )( )1 ( ) cr

globa gl gt tP t Pf −= = , and amplitude ( )B t  250 

(Supplementary Note 2). Fig. 4 presents the coupled spatiotemporal evolution of ( )t  251 

and ( )t . Following the buckling of soft tissues onset, the global buckling is coupled 252 

and superimposed with surface wrinkling, undergoing nonlinear co-evolution, resulting 253 

in a sharp increase in the amplitude curve, as shown in Fig. 4(a). This creates spatial 254 

deformation conditions for generating more complex morphological evolution. 255 

Moreover, viscoelasticity shifts the entire bifurcation sequence by adjusting the critical 256 

time span 
surf satt t t≤ <   and threshold

globalt  , controlled by modulus ratio    and 257 

growth ratio   , as observed in Figs. 2(b) and (c). This temporal separation of 258 

bifurcations is the mechanical origin of hierarchical morphogenesis, distinguishing it 259 

from elastic systems where surface wrinkling and global buckling either co-occur or 260 

mutually suppress. 261 
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 262 

Fig. 4 Amplitude spatiotemporal evolution and three critical characteristic times. (a) The evolution 263 
curves of normalized surface wrinkling amplitude ( ) ( )t A t h=   and the global buckling 264 

amplitude ( ) ( ) ( )t B t H h= + . Comparing the viscoelastic (solid line Vt  with 0.3, 0.5α β= = ) 265 

and elastic theoretical frameworks (dash lines Et  with 0α β= = ), the curves of three characteristic 266 

times under (b) different modulus ratios  . and (c) different growth rate ratios  . 267 

Sequential instability opens a time window for hierarchical folding 268 

 From the standpoint of post-buckling evolution, it is evident that the spatiotemporal 269 

evolution of viscoelastic post-buckling in growing tissues establishes a critical time 270 

window for the development of complex geometric morphologies, as shown in Figs. 271 

4(b) and 4(c). This time window (relative timing of 
surft , 

globalt  and satt ) determines 272 

the post-buckling evolution bifurcation path. Consequently, the theoretical framework 273 

for deriving bifurcation criteria in terms of instability time is conceptually 274 

straightforward, of which the definition by the dimensionless time ratio as:  275 

 
global surf

sat surf

t t

t t

−
=

−
 . (4) 276 

In which, 0 1< <  represents the surface wrinkling occurs first, and then the global 277 

buckling is triggered before wrinkling saturates (
surf global satt t t< <  ). The geometric 278 

nonlinearity of the epithelium induces in-plane stress redistribution and the equivalent 279 

stiffness ( )eqEI t   reduction, thereby lowering ( )cr

gP t   and triggering the global 280 

buckling. Then, the hierarchical instability is formed (e.g., villus formation evolve with 281 

glandular folding concurrently in embryonic development 12, 19). 0<   (i.e., 282 
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global surft t< ) represents only the global buckling occurs. The axial force triggers overall 283 

bending before the epithelium accumulates sufficient membrane force for wrinkling 284 

(e.g., abnormal glandular folding in early tumorigenesis 7). Conversely, 1>  (i.e., 285 

global satt t> ) means only the surface wrinkling occurs. The soft tissue enters a stable 286 

wrinkling state and the axial force cannot overcome the saturated stiffness (e.g., stable 287 

gyrification of the cerebral cortex 10, 11).  288 

 Indeed, the establishment of the time window provides the necessary prerequisite 289 

for the multiscale morphological evolution of soft tissues. As a strictly bifurcation path 290 

criterion, that is, whether the hierarchical folds can be stably maintained, further 291 

analysis of the energy competition of soft tissues is required. However, considering the 292 

complexity of the viscoelastic theoretical framework and the unpredictability of the 293 

deformation of tissues, it is difficult to establish the strictly quantified potential energy. 294 

Therefore, based on the saturation amplitudes   for wrinkling and   for buckling 295 

(Supplementary Note 3), we approximatively establish the potential energy competition 296 

for a qualitative analysis, denoted as,  297 

 
multi surf global( , ) min ( ), ( )A B  Π − Π Π =   . (5) 298 

During the evolution process of the hierarchical instability, the surface instability can 299 

remain stable without being released by the generation of buckling instability ( 0< ), 300 

then the epithelial tissue will eventually present hierarchical instability. On the contrary, 301 

if the surface instability is released, the epithelial tissue will eventually reach the stable 302 

state along the evolution path of buckling folding morphology ( 0> ). Accordingly, 303 

the mechanical mechanism of hierarchical instability can be understood that during the 304 

buckling evolution process after surface wrinkling, the surface wrinkles trigger the 305 

global buckling through stiffness reduction, and trigger the coupling evolution of 306 

surface wrinkles and global buckling. The stability of this coupling evolution co-307 

regulated by the time window criterion and the energy minimization principle. 308 
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Mode competition maps temporal ordering to morphological selection 309 

 We first perform extensive numerical simulations to map the morphological 310 

bifurcation landscape across the full parameter space, yielding a preliminary phase 311 

diagram of post-buckling evolution [Fig. 4]. Notably, the bifurcation laws observed 312 

under planar confinement are quantitatively consistent with those under annular 313 

confinement, confirming that our theoretical framework is generalizable to different 314 

geometric constraints. This consistency arises because the fundamental competition 315 

between localized surface wrinkling and global stiffness-driven buckling, rooted in 316 

tissue viscoelasticity and geometric nonlinearity, operates independently of the specific 317 

boundary geometry. Our parametric analysis reveals that the modulus ratio   and 318 

growth rate ratio   exert critical control over the formation of hierarchical instability 319 

[see in Figs. 3(a) and (b)]. A larger   or   extends the morphological bifurcation 320 

time window (
surf buckle satt t t< < ). This extension arises because stiffer epithelia or faster 321 

differential growth delay the onset of global buckling relative to wrinkling saturation, 322 

providing additional time for viscoelastic relaxation and geometric nonlinearity to 323 

develop. It conditions that are essential for the formation of stable hierarchical 324 

morphologies. In contrast, the thickness ratio    dominates the global mechanical 325 

constraint of the system. For large   (thin epithelium on thick submucosa), the stiff 326 

submucosa provides strong lateral confinement that suppresses global buckling, locking 327 

the system in the surface wrinkling pattern. Conversely, for small   (thick epithelium 328 

on thin submucosa), the weak submucosal constraint allows large-scale bending to 329 

occur before localized wrinkling can stabilize, leading exclusively to global buckling 330 

[see in Figs. 3(c) and (d)]. These trends are consistent across both planar and toroidal 331 

geometries, as illustrated in Fig. 5. To address the gaps in phase diagram in Fig. 5, we 332 

need to construct a more comprehensive parameter-domain phase diagram based on the 333 

time window criterion established in our theoretical derivation. 334 
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 335 

Fig. 5. Evolution diagrams of post-buckling shapes under different parameter domains. Numerical 336 
simulations of the morphology with (a) thickness ratios   vs modulus ratios   under 2.0=  337 

and (b) thickness ratios    vs growth rate ratios    under 32=   for planar constraints. 338 

Numerical simulations of the morphology with (c) thickness ratios   vs modulus ratios   under 339 

2.0=   and (d) thickness ratios    vs growth rate ratios    under 32=   for toroidal 340 
constraints. 341 

 While numerical simulations provide a qualitative overview of morphological 342 

selection, they are computationally expensive and limited to discrete parameter points. 343 

To overcome these limitations, we construct a comprehensive analytical phase diagram 344 

to describe the bifurcation paths of spatiotemporal evolution, directly from the closed-345 

form time-window criterion derived Eq. (4) as 346 
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, (6) 347 

where ( )f ⋅  is an implicit function derived from our closed-form solutions for 
surft , 348 

satt   and 
globalt  . This analytical phase diagram [Fig. 6] provides a continuous, 349 

quantitative map of morphological outcomes across the entire parameter space, 350 

unifying the mechanical conditions for surface wrinkling, hierarchical instability, and 351 

global buckling. Unlike the discrete numerical phase diagram [Fig. 5], the analytical 352 

phase diagram precisely delineates the phase boundaries and allows for direct 353 

prediction of morphological transitions for any combination of geometric, material, and 354 
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growth parameters. Our analysis further clarifies the physical mechanism underlying 355 

hierarchical instability initiation and stabilization.  356 

 357 

Fig. 6 Morphological evolution bifurcation phase diagram under different parameter domains. 358 

Theoretical predictions of the morphology with (a) thickness ratios   vs growth rate ratios  , 359 

(b) modulus ratios   vs thickness ratios  , (c) modulus ratios   vs thickness ratios  , and 360 

(d) viscoelastic properties   vs growth rate ratios  , respectively. 361 

 Hierarchical instability initiates when the wrinkling amplitude becomes 362 

comparable to the epithelial thickness ( A h H+  ), at which point geometric 363 

nonlinearity significantly reduces the effective global stiffness and triggers the 364 

secondary bifurcation to global buckling ( 0 1< <  ). The long-term stability of the 365 

resulting hierarchical morphology is then determined by the energy-competition 366 

criterion ( 0< ), which quantifies the relative energetic costs of maintaining the two 367 

coupled modes. Only when the time-window criterion is satisfied (allowing sequential 368 

bifurcations) and the energy-competition criterion is met (allowing stable coexistence) 369 

does the system converge to the hierarchical steady state. These results establish a 370 

predictive method for morphological pattern selection in growing viscoelastic tissues, 371 
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providing a quantitative tool for interpreting developmental morphogenesis and 372 

engineering bioinspired hierarchical structures. By linking tissue rheology, growth 373 

kinetics, and geometric constraints to final morphological outcomes, this work bridges 374 

fundamental continuum mechanics with developmental biology and soft materials 375 

engineering. 376 

Discussion 377 

Growth-induced mechanical instability underpins multiscale morphology in soft 378 

biological tissues, a spatiotemporal evolution tightly couples to their inherent 379 

viscoelasticity 44, 45. For decades, theoretical investigations of tissue morphogenesis 380 

have relied almost exclusively on time-invariant elastic approximations, which can 381 

adequately describe single-scale steady-state instabilities but fail fundamentally to 382 

capture the viscosity-dependent temporal dynamics that govern real tissue development. 383 

Most critically, these classical models are difficult to explain the origin of ubiquitous 384 

hierarchical morphologies, multiscale structures that arise from the coexistence of 385 

microscopic wrinkling and macroscopic buckling, whose mechanical basis has 386 

remained a long-standing open question in biological physics. In this work, we develop 387 

a viscoelastic bilayer model epithelial-submucosal tissues that fully incorporates 388 

growth-induced stress and power-law viscoelastic relaxation. It provides a 389 

comprehensive theoretical description of growth-induced instabilities, unifying the 390 

analysis of three distinct stable steady-state modes (surface wrinkling, hierarchical 391 

instability, and global buckling), addressing limitations of elastic approximations and 392 

elucidating time-dependent constitutive impacts on instability criteria. 393 

We have derived closed-form analytical solutions for the complete sequence of 394 

instability events, from the linear onset of surface wrinkling to the nonlinear coupled 395 

evolution of wrinkling and buckling amplitudes. These solutions rigorously 396 

demonstrate that classical elastic models emerge as a special limiting case of our 397 

general viscoelastic framework, valid only when all tissue layers exhibit identical 398 

rheological properties. Our results reveal that viscoelastic exponents govern instability 399 
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onset timing, while modulus, growth rate, and thickness ratios define dictate the 400 

characteristic length scales of the resulting morphologies. We further capture the full 401 

time-dependent amplitude evolution of both modes, consistent with the trend of 402 

experimental observations 3, 9, 12, 13. Crucially, we elucidate the mechanical origin of 403 

hierarchical instability. It arises from the temporal separation of two sequential 404 

bifurcations, that is the initial onset of surface wrinkling, followed by a secondary 405 

bifurcation to global buckling before the wrinkling amplitude has saturated. This 406 

temporal separation is a direct consequence of tissue viscoelasticity, which introduces 407 

a finite time delay between stress accumulation and mechanical response. Moreover, 408 

we propose time-window and energy-ratio criteria to delineate morphological pathway 409 

selection. Then, we have constructed a comprehensive phase diagram that maps 410 

morphological outcomes across the full parameter space of tissue geometry, material 411 

properties, and growth kinetics. 412 

This work establishes viscoelasticity as an indispensable regulator of growth-413 

induced tissue instability, which shapes the spatiotemporal evolution of instability via 414 

rate dependence 46, 47. Our predictions of critical conditions, evolutionary pathways, and 415 

hierarchical instability transitions show far better agreement with native living tissue 416 

morphologies than classical elastic solutions. The constructed phase diagrams and 417 

bifurcation evolution rules may provide a quantitative theoretical foundation for 418 

biomimetic design (e.g., wrinkled structures in flexible electronics 17) or disease 419 

intervention as mechanical regulation of tumor invasion 48, 49. By bridging viscoelastic 420 

mechanics, growth-driven instability, and multiscale tissue morphogenesis, this work 421 

advances a quantitative model applicable to developmental biology, soft matter physics 422 

and tissue engineering. Looking forward, our work will extend to address more 423 

complex biological systems, including three-dimensional tissue architectures, active 424 

cell contractility, and cell-matrix mechanical interactions. Further integration with 425 

experimental measurements of tissue rheology and growth dynamics will enable more 426 

precise predictions of developmental processes and pathological evolution. 427 
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Method 428 

Bilayer geometry and assumptions 429 

We investigate the morphodynamics of a mucosal epithelium atop a submucosal 430 

substrate by idealizing the system as a confined layered medium subjected to growth-431 

induced differential compression, with subscripts f and s, denoting the epithelial film 432 

and submucosal substrate, respectively. The tissue is modeled as a perfectly bonded 433 

bilayer under plane-strain conditions as shown in Fig. 7. Each layer follows a 434 

normalized power-law relaxation kernel over the finite time interval represented in the 435 

simulations, 436 
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( ) , ,
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i i f sE t E q
t

q
t

α β
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= = = 
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. (7) 437 

Here 
0t  is the reference time and iq  is dimensionless. We use 

fq α=  for the film 438 

and sq β=  for the supporting layer. The Laplace transform is 439 

 ( ) ( ) 1

01 , ,i i

f

q q

i i i sE s E q t s q qα β− == Γ − = , (8) 440 

where ( )Γ ⋅   denotes Gamma function. We evaluate this quantity at 1s t   in the 441 

frozen-time onset calculation. This gives iq

i iE E t
−=   with normalized time 0t t t=  . 442 

We further assume that mechanical equilibration proceeds faster than tissue growth and 443 

rheological remodeling, so the evolving system is treated as a sequence of quasi-static 444 

states when estimating each instability onset. For the planar geometry, the onset 445 

analysis employs an equivalent simply supported configuration of effective length L. 446 

For the circular geometry, we solve the model numerically rather than applying the 447 

straight-beam buckling formula directly, and use the results to assess the geometric 448 

robustness of the trajectory classification.  449 
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 450 

Fig. 7. Schematic of the viscoelastic epithelial bilayer model. (a) Real mucosal tissue consisting of 451 
an epithelial layer of thickness h atop a basement membrane/extracellular matrix (BM/ECM) 452 
substrate of thickness H. (b) Idealized growing epithelial-supporting bilayer subjected to differential 453 
growth, modeled as an effective viscoelastic film on an effective viscoelastic substrate in both planar 454 
(left) and annular/tubular (right) configurations. 455 

Finite element implementation 456 

To explore surface morphological formation and evolution of viscoelastic soft 457 

tissues in growth, we perform numerical simulations using the finite element method 458 

with ABAQUS/STANDARD. We implemented the planar and circular bilayers under 459 

plane-strain conditions in ABAQUS 6.13. We discretize the nonlinear problem of finite 460 

growth using 8-node biquadratic hybrid plane-strain elements (CPE8H) for the mucosal 461 

epithelium and the submucosa, and 4-node bilinear reduced-integration plane-strain 462 

elements (CPE4R) for the substrate (Fig.S1 in Supplementary Note 1). The layered 463 

tissue (mucosal epithelium and the submucosa) and substrate are adopted as the 464 

incompressible power-law linear viscoelastic material, which are characterized by the 465 

Prony series and more rigid elastic material, respectively42. In which, the power-law 466 

viscoelastic materials are characterized by the Prony series 33, 50, 467 

 ( ) ( )0 01 1
1 i

n n t

i ii i
E t E g g E e

τ−
= =

= − +∑ ∑  (9) 468 

where 0E   is the modulus at 0t =  , iτ   denotes the relaxation time, and ig   is the 469 

relaxation coefficient corresponding to iτ  . Hang et al. 33, 50 confirmed the creep 470 

function J tα   corresponds to a relaxation modulus of E t α−  , when the given 471 

relaxation time conforms to the power-law distribution as ( ) 1P ατ τ +   51. Then we 472 

apply thermal dilatation for emulating growth-driven volumetric growth and strain 473 

h

H
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mismatch, gradually increasing in time with the growth rate ( cG  and sG ). We verified 474 

that the prescribed thermal field reproduced the intended layer-wise growth histories. 475 

Besides, to investigate the biologically relevant post-buckling behavior of the growing 476 

viscoelastic tissue, we adopt the pseudo-dynamic method by introducing a tiny 477 

dissipated energy fraction as 0.02%.  478 
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