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ABSTRACT Epithelial tissues are often exposed to cyclic deformations in their physiological environment. Maintenance of me

chanical integrity relies on intercellular adhesion proteins that link neighboring cells and transmit forces across the cellular 

network. The stability of these intercellular adhesion complexes is therefore critical for tissue strength. Under sustained stress, 

failure of intercellular adhesion complexes leads to damage accumulation that progressively weakens the material and ultimately 

causes failure at the tissue scale. Although the collective behavior of adhesion complexes under static loading has been char

acterized to some extent, their response to dynamic loading remains largely unknown, despite its physiological importance. 

Here, we combine quantitative experiments on Madin-Darby Canine Kidney monolayers with modeling of intercellular adhesion 

complexes with force-dependent detachment rates to investigate tissue resilience under cyclic loading. We find that cyclic 

loading significantly prolongs tissue lifetime and increases the maximum deformation the tissue can withstand before failure 

compared with constant tension, thanks to repair occurring during low-tension phases. Our model identifies intrinsic rupture 

and repair timescales governing adhesion stability, revealing three regimes of tissue behavior: rupture, slow damage accumu

lation, and stable equilibrium. Normalizing loading parameters by the intrinsic material timescales collapse experimental and 

simulated data into universal stability maps. These findings demonstrate that epithelial resilience emerges from stochastic adhe

sion bond dynamics, providing a predictive framework linking adhesion complex turnover to macroscopic tissue mechanics un

der physiological cyclic forces.

INTRODUCTION

Tissue integrity and barrier strength are fundamental to or

gan health, yet epithelial tissues are continually challenged 

by their dynamic mechanical environments. Physiological 

processes such as breathing, peristalsis, and limb movement 

impose cyclic loads that vary over seconds, while growth, 

pregnancy, and tumor expansion generate slow, sustained 

loads lasting months or years.1–3 While moderate cyclic 

loading can enhance cytoskeletal organization and intercel

lular adhesion,4 irregular or high-frequency oscillations can 

destabilize adhesion and compromise barrier function, 

contributing to diseases like irritable bowel syndrome.5–8

Experiments and theory indicate that soft epithelial tissues 

often develop microlesions or cracks under constant loads.9

In some contexts, such defects are homeostatic, as seen in 

goblet-associated fractures of the gut epithelium, which 

represent regulated, localized remodeling.8 In other cases, 

microcracks can nucleate and propagate, leading to tissue- 

scale rupture.10 Together, these findings suggest that 
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SIGNIFICANCE Epithelial tissues, the body’s primary mechanical barriers, experience continuous mechanical stress 

from physiological movements, such as breathing or peristalsis. Through experiments and modeling, we show that a 

tissue’s ability to resist and repair damage under cyclic loading comes from the natural binding and unbinding of the 

intercellular adhesion complexes that link neighboring cells. We identify fundamental timescales governing rupture and 

recovery in cell-cell junctions, showing that tissue stability can be universally predicted from intercellular adhesion kinetics. 

This work establishes a quantitative framework connecting microscopic adhesion kinetics to macroscopic tissue 

mechanics. It provides a tool for studying resilience in diverse biophysical soft matter systems and for understanding how 

living materials maintain integrity under fluctuating forces.
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epithelial tissues exist in a delicate balance between applied 

loading patterns and intrinsic mechanical responses. This 

raises a central question: how do epithelial tissues maintain 

their integrity when exposed to periodic mechanical loads?

In epithelia, cohesion is maintained by intercellular adhe

sion complexes that form dynamic links between cells, such 

as adherens junctions or desmosomes.11 The dynamics of 

binding and unbinding of these adhesive complexes present 

intrinsic timescales.5 A variety of cellular mechanisms, 

ranging from cytoskeletal remodeling to mechanotransduc

tory and biochemical signaling, contribute to the regulation 

of intercellular junctions.12–14 Intercellular adhesion pro

teins within intercellular complexes can display a range of 

behaviors: slip bonds, which become weaker and more 

likely to break as force increases,15 and catch bonds, which 

are paradoxically stabilized by intermediate levels of 

force.16 Yet, it is challenging to determine whether epithelial 

resilience can be explained purely by the emergent kinetics, 

or if active feedback and signaling pathways also 

contribute.17,18 To what extent, then, does the ability of a tis

sue to retain its integrity in the face of repeated cycles of 

loading depend on the emergent mechanisms of rupture 

and repair of intercellular complexes ?

Our theoretical understanding of the mechanics of inter

cellular adhesion complexes largely stems from modeling 

efforts. Building on Bell’s seminal model of force-depen

dent bond dissociation,15 many studies have used the slip- 

bond framework to predict junctional integrity under 

constant or monotonically increasing loads. Multi-bond sto

chastic models have shown how parallel bonds rupture prob

abilistically, producing exponentially distributed lifetimes 

and collective failure events.19,20 These models provide 

insight into how junction strength scales with bond number, 

how variability emerges from stochastic rupture events, and 

how catch-bond kinetics can help to stabilize intercellular 

junctions. However, most applications to date have either 

focused on zero-load equilibrium states or on sustained 

loads and force ramps, where the probability of rebinding 

becomes negligible.10,21,22 In contrast, cyclic loading intro

duces alternating phases of high stress, during which bond 

rupture occurs, and phases of low stress, when rebinding 

is more likely to take place. Using cyclic loading, we can 

investigate whether periodic relief from loading enables re

covery, thereby shaping epithelial resilience over longer 

timescales. More generally, how do rupture and repair 

events determine junctional integrity, and what periodic 

loading characteristics define different regimes of epithelial 

stability?

Here, we use experiments and modeling to frame a novel 

approach to test tissue resilience and illustrate the subtle in

teractions between mechanical loading patterns and junc

tion stability. We compare constant and cyclic stress 

experiments on Madin-Darby Canine Kidney (MDCK) 

epithelial monolayers and interpret the results with analyt

ical and stochastic models to explore how intercellular 

junctions accumulate damage and repair over time. Under 

sustained high stress, we identify a characteristic timescale 

that sets the limit of the intercellular junction’s lifetime. At 

lower stress levels, we uncover a distinct repair timescale 

that captures how intercellular adhesion complexes reform 

to restore junctional integrity. Together, these emergent 

timescales encapsulate how tissues resist stress across a 

broad range of loading conditions. Building on this frame

work, we examine tissue behavior under cyclic loading, 

where alternating phases of high and low tension establish 

a threshold between rupture and stable recovery. Our results 

reveal distinct regimes: rupture, slow damage accumulation, 

and full recovery, whose boundaries are determined not by 

absolute load amplitude, but by how the durations of force 

application compare to intrinsic rupture and repair time

scales. This unifying framework demonstrates that epithelial 

resilience arises as an emergent property of adhesion com

plex kinetics, offering a tool for understanding how tissues 

withstand physiological forces over the lifetime of the 

organism.

MATERIALS AND METHODS

Experimental in vitro model

Cell culture

MDCK wild-type cells were cultured at 37◦C in an atmo

sphere of 5% CO2 in DMEM (1×) (Thermo Fisher) supple

mented with 10% fetal bovine serum (FBS, Sigma-Aldrich), 

2.5% of 1 M HEPES buffer (Sigma-Aldrich), and 1% peni

cillin-streptomycin (Thermo Fisher). Cells were passaged at 

1:8 ratio every 4 days using standard cell culture protocols 

and disposed of after 15 passages. Mechanical experiments 

and imaging were performed in Leibovitz’s L15 (Thermo 

Fisher) supplemented with 10% FBS (Sigma-Aldrich) and 

1% penicillin-streptomycin (Thermo Fisher).

Stretching devices

The stretching devices were microfabricated following the 

protocol described in Harris et al.,23 with some adaptations. 

The materials required to make each device are borosilicate 

glass, nitinol wire (two thicknesses), Tygon rings (two thick

nesses), and UV glue. Each assembled device consists of 

one stiff rod covered by a glass capillary and one compliant, 

soft rod. Two rings of Tygon of different thicknesses cover 

the extremities of the two wires, such that epithelial cell 

monolayers can grow between the test rods. The stepwise 

assembly involves (1) local melting of the borosilicate glass 

capillaries into a U-shape using a micro-pen blow torch (In

oda PT-200 Pro torch), (2) using pliers to cut the bent capil

lary into one U-shape (5 mm) and one straight section 

(25 mm), cutting the thick wire (30mm), and the thin wire 

(30 mm), using scissors to cut the thick Tygon (5 mm) 

and the thin Tygon (5 mm), (3) connecting the parts of the 

devices and securing in place using UV curing glue, and 
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(4) curing for 30 min. Each device was secured to the bot

tom of a 50-mm Petri dish by applying biocompatible adhe

sive glue on the U-shape glass base, minimizing any lateral 

movement during the experiment. During the gluing step, a 

short glass capillary was placed beneath the Tygon tips to 

slightly elevate the device, preventing contact with the bot

tom of the dish.

Preparation of suspended MDCK monolayers

The protocol for generating suspended MDCK monolayers 

is based on the work of Harris (2013) and Duque 

(2024).10,23 Cells were cultured on a sacrificial collagen 

substrate. Collagen type 1A was reconstituted on ice, by 

mixing 50% collagen (Cellmatrix type I-A, Nitta Gelatin), 

20% sterile Milli-Q, 20% of 5× DMEM, and 10% reconsti

tution buffer 50 mM NaOH solution in sterile water, 

200 mM HEPES, and 262 mM of NaHCO3. A 10-μL droplet 

was placed between the device’s test rods. The devices were 

then placed in an incubator for drying over 60–75 min at 

37◦C. This was followed by a rehydration step with 10 μ 
L of culture medium for 30 min at 37◦C. Approximately 

40,000 cells were seeded on the rehydrated collagen and 

incubated at 37◦C and 5% CO2 for 30–45min. Lastly, 

55 mL of culture medium was added to completely sub

merge the test rods, and the monolayers were left in the 

incubator to grow for approximately 72 h, or until the mono

layer extended from one rod to the other, covering the 

collagen substrate as well as each rod partially. Before me

chanical testing, the collagen was digested enzymatically, 

using collagenase type-II (Worthington Biochemical) with 

imaging medium to reach a final concentration of 250 units 

per mL. The culture medium was exchanged for the collage

nase solution and was placed at 37◦C for 1 h. Before testing, 

the collagenase solution was exchanged for the imaging me

dium. Under these conditions, the cells remained healthy 

and retained their characteristic epithelial apico-basal polar

ity for 3 h.

Force measurement

A Petri dish containing a stretching device and suspended 

monolayer was placed on the stage of an inverted bright- 

field microscope (Olympus IX71). The stiff rod was 

attached to a motorized micromanipulator (M126-DG1) 

controlled through a C-863 controller (Physik Instrumente) 

via a LabVIEW code (National Instruments). During exper

iments, force was applied to the tissue by stretching it 

through controlled movements of the micromanipu

lator.10,12,23 The soft rod was attached to the tip of a force 

transducer (SI-KG7A, World Precision Instruments), which 

deflects relative to the deflection of the soft wire. The deflec

tion is converted into a digital signal and recorded as voltage 

data (USB-1608G, Measurement Computing). Images were 

taken every 6 s using a ×2 objective (PLN2×, Olympus) 

and a camera (Point Gray Grasshopper3 U3, GS3-U3- 

60QS6M-C). The applied force can be measured by 

monitoring the bending of the soft test rod, detected by 

the force transducer tip. At the end of each experiment, 

the monolayers were broken, and the rod’s position after 

failure was used to define the zero-force geometry. Incre

ments of known deformation were applied manually to 

obtain a set of six voltage-deformation values. The 

voltage-to-stress conversion was done using a standardized 

calibration procedure from Duque (2024)10 (see Method 

S1, force measurement: calibration procedure).

Stress controller

Constant stress was applied by tuning the position of the 

motorized micromanipulator, using a PID controller 

(Figure 1). Before each creep experiment, a pre-calibration 

was performed on each device, to obtain a voltage-displace

ment relationship and a unique conversion factor, α. The 

target voltage was computed by taking the difference be

tween the target stress and prestress divided by the calibra

tion coefficient. The error signal, E(t), was computed by 

subtracting the measured voltage from the target voltage 

and was fed into the PID controller. The controller mini

mizes this signal by adjusting the strain applied to the sam

ple via the motorized micromanipulator. The PID controller 

adjusts the micromanipulator’s position at a maximum rate 

of 0.1 mm/s, which is equivalent to a maximum strain rate of 

10% s− 1. This rate cap was chosen to minimize the effects of 

a

Figure 1. PID controller logic. The target voltage is calculated using the target stress, ΓT, the prestress, Γ0 and the pre-calibration coefficient, α. The error 

signal, given by subtracting the measured voltage from the target voltage, is then minimized through the PID controller, which adjusts the strain by adjusting 

the motorized manipulator position. At each timestep the data output is recorded in a text file.
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strain-rate-dependent rupture that have been reported in the 

literature.10 The controller parameters, KP, KI, KD, were 

empirically tuned for stable convergence to the target stress. 

The optimized controller parameters are found in Table 1. 

To assess the controller’s performance, a post-experiment 

calibration was performed following each test. Calibration 

coefficients before and after the experiment were compared 

by plotting them against each other. The resulting data 

closely aligned with the identity line, which fell within the 

confidence interval of the data, indicating that the pre-exper

iment calibration coefficients were reliable for computing 

the target voltage (see in Method S1, force measurement: 

calibration procedure, Figure SM 1).

Analytical model

The analytical slip-bond model is based on Bell’s theoret

ical framework of cell adhesion.15 The governing analytical 

Equation 4 is solved in Julia by creating an ordinary differ

ential equation problem, using the Tsit5() Runge-Kutta 

equation solver from the OrdinaryDiffEq package.24

The relative and absolute tolerances are set to 10− 8, and 

the step, dt, is set to 10− 2 s. The rupture timescale, t* was 

initialized at the stable bond ratio for zero tension, 

Equation 1, where kon is the association constant rate, and 

koff,0 is the dissociation rate at the start of the simulation. 

An alternative initialization considered was starting at 

100% of bonds closed; however, this is not a physiologi

cally representative condition, as there is continuous turn

over of intercellular adhesion complexes and would likely 

lead to an overestimation of the rupture timescale. The 

repair timescale, te, was initialized at the critical ratio of 

bonds, which corresponds to the ratio of bonds at critical 

tension, Γc, and was computed by calculating the character

istic time of the exponential. For the cyclic loading condi

tion, the model was also initialized at the critical ratio of 

bonds.

β(0) =
kon

kon + koff;0

; (1) 

The slip bond model parameters (Table 2) were obtained by 

fitting the model’s fracture timescales to experimental frac

ture timescales using the root-mean-squared error in ten

sion. Optimization was performed using the NelderMead 

algorithm in Julia’s Optim package.25 More details on 

the fitting can be found in Method S1, slip bond parameters: 

fitting and optimisation details.

Stochastic model

The stochastic model is based on the same governing equa

tions as the analytical model, applied to a population of 

bonds with slip-bond properties. A junction is defined 

with N = 100 bonds, and each bond can independently asso

ciate or dissociate with probabilities defined by Equations 2

and 3. The choice of N = 100 is based on prior work10 in 

which the number of effective bonds, N, was calibrated to 

reproduce the standard deviation in experimental rupture 

data. By matching the standard deviation of stochastic 

model predictions to the observed spread in rupture times, 

a value of N = 100 was found to provide the best agreement, 

with no systematic dependence on loading rate. The junc

tion dynamics are simulated using a Monte Carlo scheme, 

initialized with a random distribution of bond states 

evolving in discrete probability steps. Each run results in 

either complete rupture of the junction (all bonds dissociate) 

or in reaching the maximum duration (three times longer 

than the largest repair timescale), in which case the junction 

is classified as healed. All stochastic simulations were per

formed using the open-source Julia package CellAdhe

sion.jl.26 Initialization conditions were set by 

assigning bond states randomly across a network of 100 

bonds, each representing an individual molecular connec

tion. For each condition (rupture, healing, or cyclic loading) 

the proportion of initially closed bonds was determined 

based on the corresponding ratio used in the analytical 

model. In each case, the number of closed bonds at the start 

of the simulation was calculated by multiplying the total 

number of bonds by the corresponding ratio, with the posi

tions assigned randomly across the network to avoid 

spatial bias.

Phase map generation

Phase maps were generated for different combinations of Γhigh 

and Γlow each with 40 × 40 thigh x tlow combinations. The range 

of 40 possible thigh values was scaled from 0.01 to 4.5 times the 

rupture timescale. Similarly, the range of 40 possible tlow 

values was scaled from 0.01 to 1.5 times the repair timescale. 

For the stochastic model phase maps, the same coordinates 

were selected, but 100 model simulations were done at each 

coordinate, and the mean was plotted. The maximum simula

tion duration was set to 10 times the longest loading cycle 

period, corresponding to 10 times the sum of one and a half 

times thigh and one and a half times tlow. This design choice 

ensured that any events classified as healing were sufficiently 

different from rupture or slow damage accumulation regimes. 

Table 1. Stress controller parameters

Parameter Value

KP 1.2E-1

KI(1/s) 0

KD(s) 5E-5

Control velocity (mm/s) 1E-1

Table 2. Slip bond model parameters

Parameter Value

kon(1/s) 3.47E-4

koff,0(1/s) 2.68E-4

f0(N/m) 2.49E-1
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The simulation timestep, dt, was set to one-hundredth of the 

smaller of thigh and tlow, providing adequate temporal resolu

tion across all tested regimes.

RESULTS

Evidence for healing of intercellular junctions in 

epithelial monolayers under cyclic loading

As a baseline for understanding tissue failure under cyclic 

loading, we first consider the limit case of creep loading 

where the material is brought to a chosen stress, which is 

then kept constant. Previous studies have shown that epithe

lial sheets fail within a narrow range of tensions, corre

sponding to the mechanical limit of intercellular 

adhesion.10 We selected a load close to this range to chal

lenge tissue integrity without inducing immediate cata

strophic failure. We applied a step in stress implemented 

through proportional-integral-derivative (PID)-controlled 

feedback (materials and methods, stress controller) and 

monitored the load using a force transducer (Method S1, 

force measurement: calibration procedure). We used an 

in vitro model of MDCK monolayers (materials and 

methods, cell culture) suspended between the two rods of 

a custom-built stretching device (Figures 2a and 2b), previ

ously described in Harris et al.23 We applied constant ten

sions (Figure 2c) with a mean centered around 0.15 Nm− 1 

(50.05 Nm− 1). This value was chosen to lie at the lower 

end of the range of tensions reported to cause rupture in 

monolayers.10 This placed the system in a regime where 

rupture is reliably induced, but not instantaneous, allowing 

its onset to be systematically characterized. Our experi

mental data also show that, prior to crack formation, there 

is very little stress heterogeneity at the tissue scale. Previous 

work has demonstrated that local cell deformations follow 

the imposed global strain.23,27 This implies that strain is 

distributed uniformly across the monolayer prior to rupture, 

supporting our assumption of a globally applied load on 

a

dc

b

Figure 2. Experimental setup and loading protocol. (a) Tissue stretching device consisting of a monolayer suspended between a thick wire attached to a 

motorized micromanipulator and a thin pliable wire hooked onto a force transducer. (b) Bright-field microscopy time series of an MDCK monolayer during 

tension cycles. The rupture time, t*, is defined as the time of the first defect, which is indicated with a red arrow. Scale bars, 500 μm. (c) Idealized schematic of 

creep loading at tension Γhigh, where the black star indicates rupture onset. (d) Idealized schematic of cyclic loading between high tension, Γhigh and low 

tension, Γlow. The durations of high and low tension are thigh and tlow respectively, and the black star indicates rupture onset.
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junctions. We note, however, that our imaging resolution 

does not allow us to resolve subcellular defects or tri- 

cellular junctions, which may act as local stress concentra

tors at smaller length scales. The timing of the first detect

able cellular-scale defect within the tissue was defined as 

the rupture time t*. Rupture events predominantly initiate 

within the interior of the monolayer rather than at bound

aries (see Figure SM 5), indicating that failure is not caused 

by edge-induced stress concentrations. For a given tension 

value, we observed stochastic variation in the rupture times 

between samples (Figure 3a), but no systematic differences 

(see Figure SM 6). Higher tension is associated with a faster 

characteristic rupture time, t* (Figure 3c). The range of 

rupture times under creep indicates that failure could occur 

stochastically even under identical sustained loads. The data 

therefore provide an average material timescale for a given 

tension value, beyond which epithelia cannot maintain cohe

sion. This observation raises a number of important ques

tions: Is the damage accumulated during constant loading 

reversible? Can rupture be delayed by intermittently 

relieving tension to allow for repair?

To explore these questions, we subjected monolayers to 

cycles alternating periods of high and low tension. The 

high tension (Γhigh) was applied for a duration thigh, and 

the low tension (Γlow) was applied for a duration tlow 

(Figure 2d). The high-tension target was 0.15 Nm− 1 

(50.05 Nm− 1), matching the constant loading experi

ments. The target low tension was set to a small nonzero 

value, to ensure stable control by the PID feedback 

loop while maximizing the mechanical contrast between 

a

d

e f

c

b

Figure 3. MDCK epithelial monolayers are more resilient to rupture when subjected to cyclic loading than creep loading. (a) Experimental creep loading 

data. Curves of different colors represent different samples, and the stars denote rupture. (b) Experimental cyclic loading data with Γhigh centered at 

0.15 Nm− 1 and low tension and Γlow centered at 0.015 Nm− 1. Both thigh and tlow durations are 1,000 s. Curves of different colors represent different samples, 

and the stars denote rupture. (c) Creep rupture time t* for tension across two orders of magnitude. (d) Boxplots comparing the total time at Γhigh, T†, under 

creep and cyclic loading. The central mark indicates the median, the top and bottom edges indicate the 25th and 75th percentiles, respectively, and the whis

kers indicate the range excluding outliers. Stars indicate monolayers that did not break by the end of the experiment. *p = 0.0382 for Wilcoxon rank-sum test. 

(e) Relationship between rupture strain, ϵ*, and time at high tension, T†. (f) Boxplot comparing ϵ* for creep and cyclic loading; *p = 0.0146 for Wilcoxon 

rank-sum test.
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high- and low-tension phases. Experiments (Figure 3b) 

were limited to 8,000 s, beyond which cells progressively 

lose apico-basal polarity and monolayers start accumu

lating defects even without loading. Remarkably, MDCK 

epithelial monolayers showed, on average, enhanced me

chanical resilience under cyclic loading relative to those 

subjected to constant creep (Figure 3d). The total amount 

of time spent at high tension, T†, was approximately 50% 

longer in the cyclic loading condition (creep mean lifetime: 

1,107 s, cycles mean time spent at high tension: 1,885 s, 

Wilcoxon rank-sum test for independent samples: *p =

0.0382). Furthermore, 5/15 cyclic loading experiments ex

hibited markedly longer lifetimes when compared with the 

constant loading test data and were statistical outliers. 

Notably, in two of these cases, the monolayer did not 

rupture within the experimental window (starred data 

points, Figure 3d), implying that their actual rupture times 

would extend even further. Thus, monolayers can endure 

high tension for substantially longer when subjected to cy

clic loading compared with constant loading, and the re

ported mean time spent at high tension for cyclic loading 

should be interpreted as a conservative lower bound.

Next, we compared the rupture strain under cyclic and 

monotonic loading to determine if rupture might be a 

strain-controlled mechanism. Under constant stress, soft 

tissues typically display an initial regime of slow creep, 

followed by accelerated nonlinear deformation in which 

strain growth becomes increasingly rapid and ultimately 

diverges as the material approaches fracture.28 During cy

clic loading, the global strain response reflects this pro

gression (see Figure SM 7). We quantified the strain in 

the monolayer and compared the strain at rupture, ϵ*, 

across experimental conditions (Figure 3e). For both 

monotonic and cyclic loading, strain accumulated progres

sively during periods of applied tension, consistent with 

the viscoelastic nature of epithelial monolayers. Impor

tantly, the rate of strain accumulation during high-tension 

phases was comparable across loading conditions (Figure 

3f). As a result, cyclic loading, which on average main

tained monolayers at high tension for longer durations, 

led to a greater cumulative deformation, ϵ*, prior to 

rupture. Therefore, even though the tissue experienced 

similar stress levels and deformed at the same rate, the 

monolayers that were stretched in cycles could deform 

more before rupture, indicating that failure is not deter

mined solely by reaching a critical strain threshold. This 

observation argues against a strain-controlled failure 

mechanism. Interestingly, this also suggests that periodic 

unloading in the low-tension regime may allow the mono

layer to reach greater cumulative deformation before fail

ure. Introducing cycles appears to facilitate continued 

viscoelastic flow, highlighting that rupture occurs in a 

stress-limited regime. In our experimental conditions, the 

absence of a substrate signifies that the sustained load is 

entirely borne by cell-cell junctions, where the gradual 

accumulation of damage may be taking place.17,29 To 

gain insight into the physical origin of this phenomenon, 

we examined whether junctional bond dynamics could un

derlie the delayed failure observed under cyclic loading 

conditions.

Intrinsic timescales of intercellular adhesion 

complexes control the rupture and equilibrium 

dynamics of cell-cell junctions

A common approach to modeling intercellular dynamics is 

to represent intercellular links by slip bonds, whose lifetime 

decreases exponentially with increasing force (Figure 

4a).15,21,30,31 Bell’s classical model of receptor-ligand bind

ing describes the force-lifetime relationship of a slip bond, 

which can exist in one of two states: bound or unbound. 

The dynamics of a slip bond are governed by a force-depen

dent dissociation rate and a constant association rate, 

Equations 2 and 3, where koff,0 is the dissociation rate con

stant in the absence of force, f is the externally applied force, 

and f0 is a characteristic force scale primarily determined by 

the difference in free energy between the bound and un

bound states.15 The application of tensile force lowers the 

energy barrier for bond rupture, thereby increasing the un

binding rate of individual slip bonds.

koff = koff;0 e
f

f0 ; (2) 

kon = constant (3) 

In the present work, we employ Bell’s model as an effec

tive description of intercellular adhesion. In epithelial tis

sues, intercellular adhesion is mediated by large, complex 

structures, such as desmosomes, which are clusters of 

desmosomal cadherins acting collectively.32 These adhesion 

complexes span the entire force transmission pathway be

tween cells, from extracellular cadherin ectodomains 

through intracellular anchor proteins to the cytoskeleton. 

This force chain would represent E-cadherin, beta-catenin, 

and alpha-catenin for adherens junctions and desmoglein- 

desmocollin, plakoglobin, plakophilin, and desmoplakin 

for desmosomes. Importantly, the bonds in our model repre

sent effective adhesion units, which can be interpreted as 

intercellular adhesion complexes, rather than individual 

intercellular adhesion proteins. The model is therefore 

agnostic to specific molecular details. While junctions in 

living tissues can be arranged both perpendicular and paral

lel to the loading direction, in our model, we assume that the 

junctional interface is normal to the loading direction. This 

choice was made because these are the junctions that are 

observed to rupture first, both in previous work10 and in 

our experiments, suggesting that these control the onset of 

rupture. In contrast, transversely oriented junctions are 

less likely to fail.
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Considering a population of N such bonds allows us 

to analytically describe how collective bond kinetics 

govern the stability of cell-cell junctions under mechani

cal stress. We define the fraction of closed bonds at any 

given time as β. The dynamics of β are governed by the 

balance between bond association and dissociation, 

Equation 4, where the first term represents the rate of 

bond formation, which decreases linearly as β approaches 

unity, and the second term describes the rate of bond 

dissociation, which increases exponentially with force. Γ 
denotes the applied tension (force per unit length), and 

ρ = N
l 

is the density of available bonds along a junction 

of length l. We assume tension is equally distributed 

across all closed bonds.

dβ
dt
= (1 − β) kon

association

− β koff;0 e
Γ

f0ρβ

dissociation

(4) 

The rates of bond formation and bond loss can be written 

as functions of β (Figure 4b). At the intersection points of 

the two functions, the junction is in equilibrium, meaning 

that there is no net loss or gain of bonds over time, such 

that the rate of change of β is zero. The stability of each 

intersection point depends on the relative slopes of the 

two functions. For instance, if a small increase in β causes 

a

d

e

cb

Figure 4. Theoretical framework for modeling an intercellular junction using a population of slip bonds under force. (a) A slip bond’s lifetime exponen

tially decays with increasing tensile force. (b) Rate functions of bond association (blue) and dissociation (red) as a function of the fraction of closed bonds, β, 

for a given tension (here, 0.04 N/m). Points of equilibrium occur at the intersection between the two curves, where the rates of association and dissociation are 

equal. The stability of these points is determined by the local slopes of the two curves: a point is stable if small increases or decreases in the fraction of closed 

bonds produce net rates that drive the system back toward the intersection, and unstable if such deviations push it away. The values for the slip bond param

eters, kon and koff,0, are found in the materials and methods, Table 2. (c) Quiver plot depicting stable (black) and unstable (red) analytical solutions for the 

ratios of closed bonds at different values of tension. The critical tension, Γc, is the maximum tension value for which a solution exists. (d) Determination of 

the rupture timescale t*. Left: rupture timescales, t*, are defined for tension values larger than Γc, initialized at the stable zero tension ratio of closed bonds. t* 

is calculated analytically by tracking the ratio of closed bonds over time. Middle: t* is calculated stochastically by tracking the states of 100 bonds over time 

(black is an open bond, and white is a closed bond). Right: analytical (orange) and stochastic (blue) rupture timescales as a function of applied tension 

decrease sharply with increasing tension and diverge near the critical tension Γc. The blue shaded region represents the standard deviation of the stochastic 

model data. (e) Determination of the repair timescale te. Left: repair timescales, te, are defined for tension values smaller than Γc, initialized at the stable ratio 

of closed bonds for a given tension value. te is calculated analytically by tracking the ratio of closed bonds over time. Middle: te is calculated stochastically by 

tracking the states of 100 bonds over time (black is an open bond, and white is a closed bond). Right: analytical (orange) and stochastic (blue) rupture time

scales as a function of applied tension remain relatively constant at low tensions but increase sharply as the applied tension approaches Γc. The blue shaded 

region represents the standard deviation of the stochastic model data. Close to the transition point, there is an increase in standard deviation for the stochastic 

model’s te.
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dissociation to dominate and a small decrease causes asso

ciation to dominate, the system is driven back toward the 

intersection, making the equilibrium stable. In contrast, if 

deviations from the intersection are amplified, such that 

both an increase and decrease in β move the system away 

from the intersection point, then the fixed point is unstable. 

Increasing tension shifts the dissociation curve upward (in 

red, Figure 4b), which alters the position and eventually 

the number of intersection points. If there are no intersection 

points, there is no steady-state solution to Equation 4, and 

therefore the cell-cell junction inevitably fails. Pairs of sta

ble and unstable fixed points exist for tension values ranging 

from zero up to a maximum tension, which we define as the 

critical tension value, Γc (Figure 4c). Conceptually, Γc rep

resents the maximum mechanical load that an intercellular 

junction can bear. As such, Γc may also serve as a mechan

ical threshold for tissue integrity, beyond which stable cell 

adhesion cannot persist indefinitely.

The slip bond model parameters (see materials and 

methods, analytical model) were obtained by fitting the 

model’s fracture timescales to experimental fracture time

scales using the experimental creep data. Further details 

on the fitting can be found in Methods S1, slip bond param

eters: fitting and optimisation details. For convenience, we 

treat the product f0ρ as a single effective parameter, so 

that the influence of bond density is absorbed into an empir

ical fitting constant. The fitted parameters capture the exper

imental fracture dynamics, with simulated fracture times 

closely matching the experimental measurements across 

the tested range (see Figure SM 8). By varying model pa

rameters such as the bond kinetics or the applied tension, 

we can now study how these changes affect the mechanical 

stability of intercellular junctions.

Our steady-state analysis identifies stable and unstable 

adhesion regimes determined by the applied tension. 

Having delineated these regimes, we then analyze the transi

tions across them. We begin by considering the characteristic 

time to failure, which provides a direct comparison to the 

experimentally measured rupture time. For tension values 

larger than the critical tension Γc, we define a rupture time

scale, t*, as the time required for all bonds to dissociate under 

constant tension, leading to junction failure (Figure 4d). For 

tension values below Γc, we define a repair timescale, te, as 

the time required for the junction to recover a stable equilib

rium of connected bonds, under constant tension (Figure 4e), 

which can be calculated through the exponential half-life. 

Both timescales depend on the way the population is initial

ized; for the rupture timescale measurements, β(t = 0) was 

set at the zero-tension equilibrium fraction of closed bonds, 

while for the repair timescale, β(t = 0) was initialized at 

the closed-bond fraction at Γc. Further details can be found 

in materials and methods, analytical model.

While the analytical model provides valuable insights 

into the average behavior of adhesion at intercellular junc

tions, it inherently describes an idealized, deterministic 

system. In reality, adhesion complexes operate in a noisy 

environment with fluctuations that cannot be fully 

captured by a purely deterministic framework. Near the 

critical tension, stochastic behavior can be the difference 

between a junction staying stable or failing catastrophi

cally. To account for these effects, our analysis can be per

formed using a stochastic multi-bond framework governed 

by Equations 2 and 3. A cell-cell junction is defined as an 

interface with a number of bonds, N, which can be in one 

of two states: bound or unbound. The binding and unbind

ing of individual bonds with slip bond properties are 

treated as probabilistic events. The dynamics of a popula

tion of bonds can be simulated using a kinetic Monte 

Carlo scheme, initialized with a random distribution of 

states. We explored different values of N over three orders 

of magnitude (see Figures SM 9 and SM 10) and chose 

N = 100, a value also used to capture MDCK monolayer 

dynamics and experimental noise levels in prior studies.10

For the stochastic model, t* was defined for Γ > Γc, as the 

average time to failure across 100 creep simulations, each 

initialized at the zero-tension equilibrium fraction of 

closed bonds (see materials and methods, stochastic 

model). te was defined for Γ < Γc, starting from the 

steady-state bond fraction at Γc. We estimated te by 

tracking the states of 100 bonds over time and taking an 

average. A further criterion was implemented, requiring 

that the starting point lie at least one standard deviation 

away from the stable fixed point, computed from the 

bond ratios across the 100 simulations at steady state. 

This criterion ensures that the repair timescale is clearly 

distinguished from stochastic fluctuations at steady state.

Rupture and repair timescales can be computed for a 

range of tensions. As tension increases from zero to Γc, 

te increases exponentially, indicating slower recovery dy

namics and increased variability near the transition point. 

In contrast, for tensions exceeding Γc, t* decays exponen

tially, reflecting faster dissociation and mechanical failure 

under larger loads. When comparing the analytical and 

stochastic models, we find strong agreement across a 

wide tension range. The main difference arises for the 

repair timescale te close to Γc. For these tensions, a large 

portion of stochastic trajectories fractured instead of re

pairing, as reported in Figure SM 11. Trajectories that 

ruptured were included only up to failure, to capture the 

initial recovery dynamics. This causes an underestimate 

of the analytical repair timescale close to the critical ten

sion. An alternative definition of the stochastic repair 

timescales where trajectories that ruptured are assigned 

an infinite repair time is considered in Figure SM 12. 

This alternative definition does not qualitatively alter the 

results, and the same trends and conclusions are pre

served. Therefore, the stochastic model of junctions pre

dicts a gradual shift in the balance of rupture and repair 

probabilities, while the analytical model exhibits an abso

lute boundary between stable and unstable behavior. In 
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the following sections, we explore the interplay between 

the intrinsic timescales of bond dynamics and the 

extrinsic timescales of cyclic loads in tuning epithelial tis

sue behavior.

Intercellular junction stability under cyclic 

mechanical loads

We now investigate how cyclic loading affects the integrity 

of an intercellular junction. The applied load alternates be

tween a high tension, Γhigh, and a low tension, Γlow, sus

tained for durations of thigh and tlow, respectively. For 

cyclic loading to meaningfully engage both the rupture 

and healing processes, Γhigh must exceed the critical tension 

Γc, while Γlow must remain below Γc. To systematically 

explore the dynamic range of a junction’s response, we 

test a broad range of loading frequencies and duty ratios 

(the relative durations of thigh and thigh + tlow) (materials 

and methods, phase map generation). The results can be 

visualized through a map for the analytical (Figure 5a) 

and stochastic (Figure 5b) models. The color bar quantifies 

the stability of the junction relative to the creep case, using 

the stability index, Θ, defined in Equation 5. T† is the total 

time spent at high tension until rupture (the same quantity 

previously used to analyze experimental data), and t* is 

the rupture timescale under constant high tension, as previ

ously defined. For experimental data, we obtain Θ by aver

aging over independent repeats of an experimental 

condition, while for the stochastic model, we average over 

100 simulated trajectories. Average quantities are indicated 

by a bar in Equation 5.

〈Θ(Γhigh;Γlow)〉 =
T† − t∗

T†
(5) 

When the time to rupture T† is identical to the creep case t*, 

Θ = 0. When rupture doesn’t happen over the duration of the 

simulation, Θ = 1. Intermediate values (green to blue) are 

defined by the fractional delay in failure relative to t*. Higher 

values indicate greater prolongation of junction lifetime 

compared with t*, while lower values reflect only marginal 

extension. In this intermediate regime, junctional failure is 

not triggered by a single supercritical stress event, but by the 

progressive build-up of damage over many cycles. Each 

loading cycle gradually pushes the junction closer to rupture 

leading to a time to rupture T† much longer than a single 

loading period. This regime reveals a fundamentally different 

pathway to failure that cannot be captured under monotonic or 

steady loading. Experimental observations from both creep 

and cyclic loading conditions can be mapped onto this phase 

diagram: creep-induced failure may be represented along the 

thigh axis and defines the t*, Θ = 0, for a given tension (red 

cross Figure 5a), while cyclic loading resulted in delayed fail

ure (orange cross, Figure 5a). Our analytical and stochastic 

models predicted values of Θ, close to one another (an analyt

ical Θ = 0.28 and a stochastic Θ = 0.23 5 0.18) and close to 

the experimentally observed value of Θ = 0.32 5 0.27.

Overall, our map reveals three distinct regimes of junc

tion behavior in response to cyclic loading: (1) stable repair, 

(2) slow damage accumulation, and (3) rupture. Moreover, 

the model demonstrates that transitions between regimes 

can be induced by tuning either the loading frequency or 

the duty ratio of thigh and tlow (Figure 5). These observations 

a b

Figure 5. Models of intercellular dynamics reveal three distinct cell-cell junction behaviors in response to cyclic loading. (a) Analytical heatmap illus

trating junction behavior under cyclic loading, defined between Γhigh = 0.15 Nm− 1 and Γlow = 0.015 Nm− 1 (matching prior experimental conditions) for 

a broad range of combinations of thigh and tlow. The color scale encodes the normalized metric T
† − t∗

T†
with values 1.0 (yellow) indicating full healing, 0 (purple) 

indicating immediate rupture, and intermediate values representing a slow damage regime where bonds are progressively lost due to incomplete recovery 

during the low tension phase. The experimental data points can be overlaid on the map. The red cross indicates creep experiments leading to rupture at 

the critical time t*, and the orange represents cyclic loading experiments (thigh = tlow = 1,000 s) that lie within the slow damage regime. The pink dashed 

line denotes a constant frequency of 0.001 Hz, and the violet dashed line represents a constant duty ratio, 
thigh

thigh+tlow
. (b) Stochastic heatmap defined with iden

tical cyclic loading conditions.
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raise several key questions: how does the balance of bond 

loss and gain explain the different regimes of junctional sta

bility? And, how do changes in the loading parameters Γhigh, 

Γlow, thigh, and tlow influence the structure of the maps?

Discrete transitions in adhesion complex 

dynamics govern junctional resilience under 

cyclic loading

Considering both stochastic simulations (Figures 6a–6f, 

blue) and analytical solutions (Figures 6g–6i, red), we 

resolve how distinct regimes of cell-cell junction behavior 

emerge from the balance between bond association and 

dissociation under cyclic loading. In the rupture regime 

(left column: Figure 6), bond dissociation dominates under 

sustained high tension, leading to monotonic accumulation 

of bond ruptures and junction failure within a time shorter 

than thigh. In the full recovery regime (right column: 

Figure 6), all broken bonds re-associate during each low- 

tension phase, fully restoring the equilibrium population 

of bonds and maintaining junction integrity over repeated 

cycles. This explains why we observe a saturation at large 

Figure 6. Balance of bond association and dissociation predicts cell-cell junction response to cyclic loading. Left column: thigh > t*, such that all bonds 

monotonically dissociate within the first cycle. Middle column: thigh ≈ tlow, such that the relative durations at high and low tension lead to slow damage 

accumulation, resulting in delayed rupture. Right column: thigh ≪ tlow, such that all accumulated damage is fully recovered, and the fraction of closed bonds 

returns to equilibrium after each cycle. (a–c) Top row: loading conditions for each regime: (a) rupture, (b) slow damage accumulation, and (c) recovery. 

Bottom row: temporal maps of junction behavior from stochastic simulations. A population of 100 bonds is shown. Black represents an open bond and white 

a closed bond. (d–f) Temporal evolution of the fraction of closed bonds from stochastic simulations. Solid lines indicate the mean, and shaded regions denote 

stochastic variability across repeated simulations. The red dashed line indicates the unstable equilibrium and the black dashed line the stable equilibrium. 

(g–i) Temporal evolution of the fraction of closed bonds from the analytical model. The black dashed line indicates the stable equilibrium.
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tlow on the map of Figure 5: once the junction has relaxed to 

its low-tension equilibrium, additional time at Γlow does not 

further increase the fraction of closed bonds. In the slow 

damage accumulation regime (middle column: Figure 6), 

the junction exhibits partial recovery between cycles, but 

the cumulative net loss of bonds progressively shifts the 

junction toward failure. A phase space representation of 

the loss and gain of bonds can be found in Figure SM 15.

Furthermore, there is a conserved pattern within the 

slow damage accumulation regime that can be distin

guished by the presence of distinct fringe-like bands in 

the analytical model. These bands mark discrete transi

tions in rupture time, corresponding to failure occurring 

after the first, second, third, or subsequent cycles (see 

Figure SM 16). Mechanistically, this layered structure re

flects the discrete nature of bond reformation. Each 

cycle at low tension provides a quantized opportunity 

for bonds to re-associate, incrementally offsetting accu

mulated damage and thereby shifting the rupture event 

to a later cycle. As the number of cycles to failure in

creases, the spacing between successive fringes becomes 

progressively smaller, and the junction approaches an 

asymptotic limit beyond which it transitions to the stable 

recovery regime. Although this structure is clearly ex

pressed in the analytical model, it does not appear in 

the stochastic map, where fluctuations blur these discrete 

transitions. These results highlight that the observed 

macroscopic stability regimes are rooted in the emergent 

kinetics of intercellular adhesion complexes.

These observations show that the slow damage accumula

tion regime arises from the interplay between damage and 

recovery within each loading cycle. To capture this balance 

quantitatively, we consider how the relative durations of the 

high- and low-tension phases compare with intrinsic time

scales of rupture and repair. Specifically, the extent of dam

age accumulated per cycle can be estimated from the ratio of 

the duration of application of high tension, thigh, to the 

rupture timescale, t*, while the degree of recovery depends 

on the ratio of the duration of low-tension application, tlow, 

to the repair timescale, te. Additionally, the high- and low- 

tension amplitudes, Γhigh and Γlow, can be normalized by 

the critical tension Γc. Looking at the data through this 

lens removes any effects arising from the choice of specific 

loading parameters, allowing for comparisons across 

different loading conditions.

Timescale normalization reveals a universal 

master stability map

Normalizing the loading durations (thigh and tlow) by the 

intrinsic rupture (t*) and repair (te) timescales reveals that 

the same three regimes, rupture, slow damage accumulation 

and recovery, emerge across a wide range of absolute tension 

amplitudes (Figure 7). The general shapes of the boundaries 

between different regimes are qualitatively conserved across 

different combinations of loading parameters. When both 

Γhigh and Γlow are far from Γc, the system exhibits well- 

defined and robust regimes. This demonstrates that epithelial 

stability is governed by the relative interplay between 

intrinsic adhesion kinetics and extrinsic loading timescales, 

rather than by the absolute magnitude of stress. For example, 

a tissue may persist longer under a high peak stress that is 

periodically relieved by low-tension intervals than under a 

continuous intermediate stress, highlighting that higher loads 

can be more sustainable when the loading pattern aligns with 

the intrinsic timescales. Despite differences in noise and indi

vidual bond variability, both the analytical and stochastic 

models produce equivalent regime boundaries when ex

pressed in dimensionless timescales. This convergence indi

cates that the normalized map captures the fundamental 

physics of rupture-repair competition, independent of model 

implementation. Moreover, the slope of the initial linear re

gion between healing and slow damage accumulation was 

found to be robust to changes in tension. When perturbing 

bond kinetics by varying kon and koff,0 while preserving their 

ratio, the structure of the normalized stability maps also re

mained robust (see Figure SM 14). This highlights a key 

strength of the framework: by normalizing mechanical inputs 

by intrinsic molecular timescales, all loading conditions 

collapse onto a single master stability map.

Another key observation is that as either value approaches 

Γc, the phase boundaries become less distinct and more sen

sitive to stochastic fluctuations. Notably, the closer Γlow is to 

Γc, the broader and more diffuse the transition between the 

rupture, slow damage, and recovery regimes becomes. We 

find that increasing Γlow while keeping Γhigh constant pro

gressively reduces the size of the healing region. In this 

case, the effective window for rebinding decreases, espe

cially as the repair timescale te becomes much longer rela

tive to tlow. Consequently, junctions spend a larger fraction 

of the cycle under damaging conditions, shifting the balance 

from reversible to irreversible failure. Interestingly, when 

Γlow is set to nonzero values, we identify a fourth stability 

regime (white arrow, Figure 7), which appears as a rectan

gular band within the slow damage accumulation regime 

and extends into the healing phase space for increasing 

values of Γlow. In this regime, the bond loss during the first 

high-tension phase drives the system across the unstable 

fixed point, placing it within the diverging regime of the 

model. In this case, even when the tension is reduced to 

Γlow, the junction continues to accumulate damage, albeit 

at a slower rate. In this fourth regime, initial conditions 

become especially important, as small differences in the 

initial bond population can determine whether the junction 

crosses the unstable solution or not (see Figure SM 13).

The normalized framework enables direct comparison 

across tissues or conditions by mapping experimental mea

surements (e.g., cycle frequency and duty ratio) onto the 

same dimensionless axes. Tissue stability can therefore be 

predicted independently of specific parameter choices, 
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making the framework broadly applicable to biological sys

tems with diverse molecular dynamics and different loading 

conditions.

Building on the generality of the mechanical response, to 

what extent do these phase maps remain invariant to the de

tails of force transmission and bond kinetics complexity? We 

extended the model to include local force redistribution 

across adhesive units, generating local stress concentrations. 

As a result, the transition from recovery to rupture happens at 

a lower critical tension. However, this does not alter the emer

gent dynamics (Method S1, local force redistribution model 

implementation). Rupture and repair timescales follow the 

same dependence on tension as in the global load-sharing 

model, differing only by a horizontal shift to lower critical 

tension. Importantly, the qualitative structure of the cyclic 

loading phase maps remains unchanged. We also modified 

the intrinsic bond kinetics, to capture a more complex bond 

model. Catch-bond-like behavior was incorporated by intro

ducing transient stabilization at intermediate tension. When 

the rupture timescale t* is defined relative to the steady-state 

bond fraction at the corresponding low-tension condition, the 

same cyclic loading phase maps are recovered (see Method 

S1, catch-bond-like behaviour model implementation). 

Both local stress redistribution and more complex bond 

kinetics rescale model parameters without modifying the un

derlying dynamics, reinforcing the robustness of the identi

fied regimes.

DISCUSSION

Our experiments showed that when epithelial monolayers 

are held under a sufficiently high constant tension, they pro

gressively deform and ultimately rupture, with higher loads 

producing faster failure and smaller strains at the rupture 

point. We then investigated the reversibility of damage by 

subjecting the monolayer to cycles of controlled supercriti

cal and subcritical tension. Under repeated cycles of high 

and low tension, the monolayers’ lifetime at high load and 

their overall deformation increased markedly, compared 

with constant loading. To determine whether this enhanced 

Figure 7. Distinct regimes of epithelial stability, with conserved characteristics. Different combinations of Γhigh ranging from 0.09 Nm− 1 to 0.12 Nm− 1 and 

Γlow ranging from 0 Nm− 1 to 0.0525 Nm− 1. For each combination, the stability graph is computed for different ranges of tlow and thigh. In these graphs, tlow is 

normalized by the repair timescale, te, and thigh is normalized by the rupture timescale, t*, of the corresponding tension values. Columns one and two capture 

the dynamics of the analytical model, and columns three and four capture the dynamics of the stochastic model. The white arrow points to a fourth regime that 

emerges for nonzero Γlow values.
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resilience may arise from emergent physical behavior rather 

than active adaptation, we turned to a simple micromechan

ical model of a population of intercellular adhesion com

plexes with slip-bond kinetics. Under cyclic loading, the 

model predicted a rich range of behaviors, ranging from 

fast rupture to stable adhesion. When a junction approached 

rupture, damage accumulated continuously as intercellular 

bonds weakened and separated. Periods of low tension ap

peared to allow partial recovery of bonds, enabling the tis

sue to withstand high stresses for longer. A distinct regime 

of slow damage accumulation accounts in particular for 

our experimental observation of delayed rupture under cy

clic loading. The key to understanding these dynamics lies 

in quantifying two timescales: the rupture timescale at 

high load, corresponding to the time required for all the 

bonds in a population to dissociate, and the repair timescale 

at low or zero load, over which the bond population returns 

to a kinetic equilibrium. The magnitudes of these time

scales, relative to the durations of loading and rest, control 

the outcome of exposure to cyclic loading.

Our results reveal emergent damage accumulation and heal

ing behaviors arising from the coupled dynamics of cellular 

mechanics and junctional rupture and repair. In response to 

deformation, the rheology of the tissue sets the stress magni

tude to which cell-cell junctions are subjected. Although the 

intercellular adhesion complexes (cadherin-catenin, desmo

somal cadherins-plakoglobin-desmoplakin) linking the cyto

skeleton of adjacent cells contribute negligibly to bulk 

deformation, the dynamic remodeling of these intercellular 

adhesive units under force plays a critical role in setting tissue 

strength and controlling the onset of failure. This coupling 

highlights that studying the mechanical behavior of epithelial 

tissues requires a holistic approach, encompassing the entire 

force transmission pathway, from the complexes that mediate 

adhesion to the collective deformation of all the cells in 

the tissue. The stochastic turnover of intercellular adhesion 

complexes shapes the transition between reversible and cata

strophic damage accumulation. Importantly, the emergent 

rupture and repair behavior can arise naturally from the bind

ing and unbinding kinetics of intercellular adhesion com

plexes under load. Our results also highlight the broader 

significance of cellularization. Tissue strength is primarily 

set by intercellular adhesion complexes that bear load across 

junctions, while rheological behavior is governed by intracel

lular cytoskeletal networks that determine the viscoelastic 

response. This separation enables independent tuning of 

strength and deformation dynamics.33

When tissues operate near the boundaries separating 

rapid rupture, repair, and slow damage accumulation, their 

response becomes highly sensitive to bond association ki

netics, making the repair timescale a key determinant of tis

sue integrity. This repair timescale is distinct from the 

cellular processes involved in wound healing, such as lamel

lipodial protrusion or purse string closure34; rather, it arises 

from the reassociation of intercellular adhesion links once 

tissue tension becomes subcritical. Our experiments support 

such a hypothesis because they are performed on freely sus

pended monolayers, a condition with no cell-substrate inter

actions, in which migration-driven neighbor exchanges are 

not observed.27,35

Our findings outline a strategy to probe the dynamic 

response of tissues under cyclic loading, providing a means 

to address how epithelial tissues preserve their integrity un

der repeated mechanical perturbations. Systematic variation 

of Γhigh, Γlow, thigh, and tlow enables direct measurement of 

rupture onset and of the gradual accumulation of damage 

over successive cycles. However, direct experimental charac

terization of the repair timescale remains challenging, as it 

involves molecular processes occurring below optical resolu

tion and over a wide range of timescales.36 In principle, the 

repair timescale, te, can be estimated indirectly by taking 

advantage of the broadly conserved normalized stability 

maps. The experimentally measured t* and applied thigh 

and tlow can be used to locate the loading protocol on the 

map, from which te can be inferred relative to the low-tension 

phase. In the case of our MDCK monolayer experiments, the 

minute-scale tlow confined the tissue to a partial-repair 

regime. This observation suggests that the repair timescale 

te in MDCK monolayers is likely on the order of tens of mi

nutes. While direct measurements of junctional repair time

scales remain scarce, prior studies of E-cadherin and 

associated p120-catenin complexes show turnover and mem

brane re-incorporation occurring on timescales of tens of mi

nutes.12,37,38 Photobleaching experiments of keratins and 

desmosomes indicate turnover times on the order of 

hours.39–42 This indicates that the timescale for mechanical 

stability is set by the persistence of the whole adhesion com

plex, rather than by the turnover of individual molecular com

ponents. This raises an important mechanistic question. How 

can we understand the effective adhesion properties of larger 

adhesion units in terms of the molecular turnover? We antic

ipate that advances in imaging of single-molecules and of 

protein-protein interactions may enable direct measurement 

of the lifetime of individual adhesion proteins as well as their 

open or closed configuration under controlled mechanical 

load.36,43 Such measurements would allow quantitative vali

dation of the predicted coupling between junction dynamics 

and tissue-scale forces.

Our analysis focuses on a single population of intercel

lular adhesion complexes with uniform kinetics, providing 

a simple approach to connect junctional dynamics to macro

scopic mechanical behavior. In reality, healthy tissues draw 

on a broad range of adhesion complexes, made of different 

proteins (cadherins, desmosomal cadherins, nectins, tight 

junction proteins, JAMs, etc.), with different properties. 

As a result, junctional complexes can vary in stiffness and 

compliance and therefore carry different fractions of the to

tal load rather than sharing it equally. Junctions can there

fore form and stabilize even under minimal or oscillatory 

loads,44 and their specific characteristics may provide a 
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basis for tissue resilience, allowing different intercellular 

adhesion complexes to contribute to cell adhesion.45 Incor

porating heterogeneity into the model, offers a testbed for 

this hypothesis while paving the way toward a multiscale 

description that captures the physiological complexity and 

reveals how intercellular dynamics shape tissue strength.

The recovery response we highlight is relevant beyond 

biological tissues, offering direct analogies to a broad class 

of soft materials such as self-healing polymers and dynamic 

hydrogels.46–49 Although these materials have different 

microscopic components, they rely on comparable revers

ible binding mechanisms. In these systems, the introduction 

of reversible linkers, such as dynamic covalent bonds, 

hydrogen bonds, and metal-ligand complexes, enables ma

terials to dissipate energy and recover after damage.46 In 

our system, the mechanical work up to rupture onset can 

be estimated by integrating the stress-strain curve up to 

the first detectable defect (see Figure SM 17), providing a 

measure of pre-failure dissipation associated with changes 

in junction integrity. However, in soft materials, fracture is 

more appropriately understood in terms of energy dissipa

tion during crack propagation, which is beyond the scope 

of the present model. Recent work on hydrogels with sacri

ficial bonds has shown that resistance to rupture is not gov

erned solely by bond strength, but also by the interplay 

between bond breaking, bond reformation, and stress redis

tribution.50–52 These studies demonstrate that reversible 

bonds can delay or arrest crack propagation by redistribut

ing stress. Similarly, recent work on epithelial junctions 

highlights the role of cortical dissipation in regulating 

rupture by modulating local stress concentrations and fail

ure thresholds.53 Our model captures the same underlying 

principle at the level of junctional dynamics, where macro

scopic resilience arises from the collective behavior of 

reversible adhesion complexes and load redistribution, 

rather than from single-bond energies. The adhesion dy

namics seen in epithelial junctions may therefore inform 

the design of bioinspired materials with tunable strength 

and reversible adhesion.54 For instance, tuning the force 

sensitivity or timescales of adhesive interactions could 

enable both rapid healing and long-term durability. Similar 

design strategies are now being explored in self-healing 

polymer networks and hybrid hydrogels, where hierarchical 

or multi-bond architectures enhance performance under cy

clic loading.47,48 Ultimately, the physics of epithelial cohe

sion offers a foundation for engineering synthetic materials 

that are simultaneously strong and self-repairing.

The cyclic loading periods used in this study, on the order 

of 1,000 s on and 1,000 s off, correspond to those of pro

cesses such as intestinal peristalsis or bladder filling and 

voiding, which occur over tens of minutes and involve sub

stantial mechanical stress.5 Physiologically, our experi

ments and simulations indicate that soft biological tissues 

can tolerate extended periods of overload without rupture, 

provided these are interspersed with phases of low tension 

that permit recovery. In vivo, loading is unlikely to present 

step transitions, as tissue viscoelasticity smooths stress var

iations, reducing peak stresses and enhancing dissipation. 

Such relaxation shifts the system toward more stable re

gimes, making the square-wave loading considered here a 

conservative worst-case scenario for junctional stability. 

Determining which regimes tissues operate in, and whether 

they are close to boundaries that can shift tissues to loss of 

integrity, may therefore help assess their susceptibility to 

mechanical failure and disease.8,55–58 Tissues positioned 

close to the recovery regime boundaries may be particularly 

vulnerable, as modest random fluctuations in tension or 

junctional stability can tip the system into failure. Such me

chanical vulnerability could contribute to multifactorial 

diseases, such as Crohn’s disease and epidermolysis bul

losa.59,60 Comparison of the predictions of our simulations 

to experimental data may highlight the presence of active 

cellular responses to damage. Indeed, enhanced recovery, 

adaptive adhesion, or delayed failure likely reflect the acti

vation of active feedback and complex signaling pathways 

that modulate intercellular adhesion or cytoskeletal 

rheology in response to load. Therefore, the subtle balance 

between damage accumulation and healing may be physio

logically relevant and important for assessing the health of 

tissues.

CONCLUSION

Overall, contrary to the notion of stable and static intercel

lular junctions conveyed by their continued presence in 

time-lapse videos of epithelia, the intercellular adhesion 

complexes that underlie these junctions are inherently dy

namic, with the number of closed adhesion complexes fluc

tuating as a function of applied load and time. The interplay 

between applied force cycles and intrinsic binding kinetics 

of intercellular adhesive units governs the transition be

tween rupture and repair. These insights pave the way for 

a more predictive understanding of epithelial tissue me

chanics in which adhesion dynamics and loading timescales 

jointly determine tissue stability.
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SUPPLEMENTARY MATERIAL
1 Force measurement: calibration procedure
Force can be calculated using the cantilever beam equation, Eq. 5, where 𝑘 is the rod’s stiffness (which depends on the material
and geometrical properties of the wire) and 𝑑𝑤 is the deflection. The value of 𝑘 can be computed using Eq. 6, using the Young’s
modulus, 𝐸 , the second moment of area, 𝐼, and the length, 𝐿, of the wire.

𝐹 = 𝑘 𝑑𝑤, (5)

𝑘 =
3𝐸𝐼
𝐿3 , (6)

Using six pairs of voltage and deflection (𝑉 , 𝑑𝑤) a linear fit is used to determine the conversion factor from Volts to Newtons,
given by Eq. 7.

𝛼 =
1
𝑉

3𝐸𝐼
𝐿3 𝑑𝑤, (7)

Using a 2D thin sheet approximation and Eq. 8, the force of each monolayer was normalised by the average width, 𝑤0, to
calculate tissue tension. The thickness of the monolayer is ∼ 10𝜇m which is two orders of magnitude smaller than the length
and width of the monolayer, justifying our approximation. The cross-sectional area was computed by multiplying the initial
length by the average width. The average width was found by averaging the width at each of the arms of the device and in the
middle of the monolayer.

𝐹

𝑤0
=
𝛼𝑉

𝑤0
, (8)

Finally, the monolayer’s pre-tension was calculated using two bright-field microscopy images, one from the start and one from
the end of the experiment. A 250x150 pixel2 area was cropped around the flexible rod to measure its displacement Δx that can
be used to find the pre-tension, using Eq. 9. The actual tension values were computed by subtracting the pre-tension offset.

𝐹

𝑤0
= −𝑘 Δ𝑥

𝑤0
, (9)
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Figure SM 1: PID controller performance. a) Comparison of pre- vs post-experiment calibration coefficients. Data points fall
close to the identity line (x=y, red), and the linear fit lies within the 95% confidence interval (shaded, blue), indicating that
pre-experiment coefficients reliably estimate post-experiment values. b) Target tension (black, dashed) compared to recorded
tension (red, solid) during cyclic loading, showing that the controller accurately tracks the target setpoints across cycles. c)
Manipulator position over time, illustrating dynamics adjustment of the deformation in each cycle to achieve the target tension,
demonstrating active feedback control during repeated loading.
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2 Slip bond parameters: fitting and optimisation details
Fracture times were not used directly, as they diverge near the critical tension and would yield undefined RMSE values. For
each experimentally measured fracture time, the analytical model was used to find the tension value producing the same rupture
timescale. The squared difference between this predicted tension and the experimental value was computed, and the square root
of the mean of these squared differences gave the first RMSE value. To enforce accuracy at the main experimental condition, we
identified the mean fracture time corresponding to 0.15Nm−1, used the analytical model to predict the tension yielding the
same fracture time and added the deviation between this predicted tension value and 0.15Nm−1 as a second error term. The
combined objective function was defined using Eq. 10, were the factor of three balances accurate reproduction at 0.15Nm−1,
with fidelity across the full fracture-time profile.

Error = RMSE + 3 ∗ 𝐸 (0.15𝑁𝑚−1) (10)

The analytical model was evaluated for 100 logarithmically spaced tension values between 10−5 and 10N/m, capturing rupture
timescales from near zero to 4000s. This range ensured stable optimisation and uniform sampling of the model’s exponential
decay behaviour. Multiple initialisations were tested and the parameter set yielding the lowest error was selected. Initial values
for kon and koff were 3 · 10−3, 3 · 10−4, 3 · 10−5, and for f0 initial values were 0.0055N/m, 0.055N/m, 0.55N/m. These ranges
include parameters previously obtained from epithelial monolayer strain-ramp loading experiments (10) and cover three orders
of magnitude. Parameters were optimised in logarithmic form to enforce positivity without explicit bounds.

Mean fracture 
�me (0.145N/m)

error

Figure SM 2: Creep fracture time as a function of applied tension. Blue points show experimental data, the red curve shows
the model, and the black star marks the mean fracture time at 0.15Nm−1. The horizontal arrow illustrates the definition of error
in tension, which forms the basis of the RMSE calculation. Overall model error is computed as RMSE plus a weighted term
ensuring accurate reproduction of the 0.15Nm−1 condition.

3 Local force redistribution model implementation
To assess the effect of spatially heterogeneous force transmission, we implemented a local load-sharing variant of the model.
The load is applied non-uniformly across all the closed bonds of the junction, following the local load redistribution assumptions
described in (21). For each closed bond, the nearest closed neighbours are identified and weighting factors are assigned to
determine the fraction of load carried locally. Bonds with fewer nearby closed neighbours receive larger weights and therefore
bear a larger proportion of the applied force, producing local force concentrations. The weights are normalised such that the
sum of forces across all closed bonds equals the externally applied tension, ensuring mechanical force balance throughout the
simulation. As bonds rupture and reform, the junction evolves dynamically, leading to time-dependent force heterogeneity. The
resulting force redistribution can be visualised using colour-scaled salt-and-pepper maps, where colour intensity represents the
instantaneous force carried by each bond over time. Compared with the global redistribution model, the local redistribution
model generates pronounced force heterogeneity and transient force hot-spots along the junction. However, we find that this
more complex, heterogeneous loading assumption does not qualitatively alter the behaviour of the system: rupture and recovery
timescales follow the same functional dependence on tension, simply with an adjusted transition tension, Γc. Both absolute and
normalised maps also show that the different regimes of epithelial stability are qualitatively preserved.
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Figure SM 3: Effect of local force redistribution on junctional bond dynamics. Representative bond dynamics until rupture,
under a) global (mean-field) and b) local force redistribution, showing heterogeneous load sharing with force hot-spots along
the junction in the local case. The force scale colour is given by the force per bond divided by f0. c) Rupture d) repair timescales
as a function of applied tension. The local redistribution model (orange) exhibits the same functional dependence as the global
stochastic (blue) and analytical (green) results, with a shift to lower effective tensions corresponding to a reduced critical
tension. e,f) Phase diagrams under cyclic loading for (e) global and (f) local force redistribution models for Γhigh = 0.09Nm−1

and Γlow = 0.0175Nm−1 demonstrating that the maps are qualitatively conserved with robust features regardless of details of
force redistribution. The colour bar in (e) and (f) encodes the normalised metric 𝑇̄†−𝑡∗

𝑇̄†
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4 Catch-bond-like behaviour model implementation
We have also extended our model to include load-bearing complexes with catch-bond-like behaviour, introducing a transient
stabilisation at intermediate tension. We have used the following equation, introducing two additional parameters in the
dissociation rate term:

𝑘on = constant (11)

𝑘off = 𝑘off,0 𝑒
𝑓

𝑓0 + 𝑘off,catch 𝑒
−Γ

𝛽 𝑓0,catch (12)

The specific parameters were defined as 𝑘off,catch = 2.68 ∗ 10−3 and 𝑓0,catch = 2.49 ∗ 10−1 to illustrate the catch-bond like
behaviour. We find that, despite the modified bond kinetics, the overall dynamical behaviour remains unchanged. In particular,
the same regimes of rupture, slow damage accumulation, and recovery are observed under cyclic loading and the maps retain
the same structure as with the slip-bond model.
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Figure SM 4: Effect of catch bond–like behaviour on junction dynamics. a) Schematic illustration of catch bond-like
behaviour, showing non-monotonic dependence of bond lifetime on tensile force, with bond strengthening at intermediate
tension values. b) Rate functions for bond association (blue) and dissociation (red) as a function of closed bonds, 𝛽 for a given
tension (here, 0.04N/m). Points of equilibrium occur at the intersection between the two curves, where the rates of association
and dissociation are equal. c) Stable (black) and unstable (red) analytical solutions for the ratios of closed bonds at different
values of tension. d) Normalised cyclic loading map for the catch bond model, for Γhigh = 0.1Nm−1 and Γlow = 0.04Nm−1,
showing the same qualitative regions and robust features regardless of the details of model complexity. The colour bar encodes
the normalised metric 𝑇̄†−𝑡∗

𝑇̄† .
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Supplementary figures

Interior rupture
Edge ruptre

Figure SM 5: Distribution of rupture initiation sites for creep and cyclic loading conditions. In both loading settings, rupture
occurs predominantly within the interior of the monolayer (85% for creep and 69% for cyclic loading). These observations
support the model’s assumption of globally distributed loading prior to failure and indicate that rupture is not primarily driven
by edge-induced stress concentrations.

Tension (N/m) Tension (N/m)
0.16 0.17 0.18 0.190.12 0.13 0.14 0.150.14 0.16 0.18

Figure SM 6: Rupture time as a function of applied tension (Γhigh) for creep (left) and cyclic loading (right) tests. For creep,
rupture times show no clear monotonic dependence across the examined tension range (0.12 - 0.195N/m). In the cyclic loading
case, a slight decreasing trend with increasing tension is observed, though variability remains large. These observations support
including tests spanning this full tension range.
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Figure SM 7: Experimental strain response during cyclic creep loading. Each curve represents an individual loading–unloading
cycle measured under constant applied stress (moving average smoothing, window size 3.5s). Later cycles diverge markedly,
indicating the onset of irreversible deformation and rupture within the epithelial monolayers.
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a

b

Figure SM 8: Comparison of stochastic model predictions and experimental rupture times for tissues subjected to creep
and cyclic loading a) Fracture times as a function of applied tension under creep loading. b) Fracture times under cyclic loading.
In both panels, light blue violin plots show the distribution of rupture times obtained from 100 stochastic simulations at each
tension value, highlighting variability in the model response. Solid black dots represent individual experimental measurements.
Overall, the model captures both the trend and variability of rupture times across loading conditions, while reflecting the broad
distribution of failure times observed experimentally.
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Figure SM 9: Rupture time as a function of applied tension for 10, 100, and 1000 bonds. Each black point represents an
individual stochastic simulation, and the shaded blue regions indicate the standard deviation across runs. Increasing the number
of bonds decreases the variability. N=100 bonds matches the noise of previous experimental data (10).

Figure SM 10: Repair time as a function of applied tension for 10, 100, and 1000 bonds. Each black point represents an
individual stochastic simulation, and the shaded blue regions indicate the standard deviation across runs. Repair is more variable
with fewer bonds with certain points exceeding tenfold slower repair times for N=10. Increasing the number of bonds decreases
the variability.

Figure SM 11: Effect of applied tension on repair timescale response. Left: percentage of recovery simulations resulting
in rupture increases sharply close to Γc, indicating increased noise close to the transition. Right: standard deviation of the
number of closed bonds across simulations increases close to Γc, also reflecting the increased variability in bond dynamics at
the transition. Total simulation duration is 40,000s. Note: if the simulation duration were extended to infinity, all trajectories
would eventually rupture due to stochastic fluctuation.
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/ /

Figure SM 12: Alternative definition of the repair timescale, te, for the stochastic model, where any trajectories that ruptured
as the applied tension approached Γc were assigned an infinite rupture time and included only up to failure to capture initial
recovery behaviour. The diverging behaviour of the repair timescale close to Γc is now observed for both the analytical and
stochastic models. Left: total duration 10,000. Right: total duration 20,000. The sharp divergence in the right plot suggests that,
if simulated for sufficiently long times, a system with a finite number of bonds will always eventually rupture.
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Alternative initialisation

Figure SM 13: Alternative initialisation strategy. An alternative initialisation strategy was considered for the map generation,
whereby the initial number of closed bonds was set to the stable ratio of the specific low tension value (stable solution branch
(black) on figure 3c). This removed the fourth regime of continuous diverging at both Γhigh and Γlow, as shown in the analytical
model plots within the gray border.
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Figure SM 14: Effect of doubling kinetic parameters while maintaining the kon/koff ratio. Heat maps show the normalised
rupture probability as a function of the loading and relaxation durations (tlow/te and thigh/t∗) for the original parameter set (left)
and for parameters doubled in magnitude while preserving the kon/koff ratio (middle). The difference map (right) indicates
negligible change across the parameter space, demonstrating that the model behaviour depends primarily on the relative balance
between association and dissociation rates, rather than their absolute values.

a b c

d e f

Figure SM 15: Phase-space trajectories of junctional bond dynamics under cyclic loading. Phase diagrams showing the rate
of change of the fraction of closed bonds as a function of the instantaneous fraction of closed bonds for different combinations
of high- and low-tension phases. Panels a–c) show stochastic simulations of a single junction (blue), and panels d–f) show
corresponding analytical results (red). The black dashed lines mark stable fixed points, while red dashed lines denote unstable
fixed points separating rupture and recovery regimes. Arrows indicate the direction of trajectory evolution during cyclic loading.
Oscillatory trajectories a,b) correspond to partial bond recovery within the slow-damage regime, whereas monotonic collapse
to the left c,f) reflects irreversible rupture. Stable limit cycles near the right boundary a,d) indicate sustained recovery and
junctional stability.
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Figure SM 16: Maps scaled by rupture cycles (number of cycles-to-rupture). Number of completed load cycles at rupture
as a function of high- and low-load durations defined between Γhigh = 0.15Nm−1 and Γlow = 0.015Nm−1. Colours indicate
the number of cycles, with yellow representing 10 or more cycles (maximum duration) and purple indicating zero cycles
(immediate rupture). In the slow damage accumulation regime, the fringes illustrate transitions to larger cycle numbers, in a
direction towards smaller thigh and larger tlow indicating that slower damage accumulation and increased recovery extend the
junction’s lifetime to a higher number of cycles.
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a

b

rupture onset

Figure SM 17: Energy dissipation up to rupture onset under cyclic loading. a) Stress–strain curves for successive loading
cycles. The shaded region represents the integrated stress-strain response, reflecting turnover prior to failure. b) Temporal
evolution of the accumulated strain energy, showing the progressive increase in mechanical work (4.84 × 104 J/m3) dissipated
over successive cycles until rupture.
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