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The mechanically heterogeneous extracellular matrix (ECM) or tissues widely exist in biological system and are capable
of significantly regulating the directional cell migration. However, prior to whole cell movement, how the cell senses
these cues from mechanical heterogeneities of ECM or substrate remains unclear at the molecular bond level. To
address this issue, we theoretically investigate interface adhesion between a non-uniform stiffness substrate and a rigid
plate via a series of receptor-ligand bonds subjected to a tensile loading, by integrating substrate surface deformation
described by continuum mechanics approach into the stochastic events of bond dissociation and association govern
by Markov processes. Interestingly, it is found that, during stretching adhesion interface, due to the large collective
contact forces near the stiff edge of adhesion area, the crack firstly develops at this stiff edge and then grows to another
relatively soft adhesion edge until the completed detachment achieved, which is distinct from the cracks growing from
both two edges to center of adhesion area in the case of uniformly elastic solid-solid or solid-fluid interface. Moreover,
the lifetime of bond cluster, interface adhesion strength and effect of inter-bond distance are examined, respectively.
The corresponding mechanism of dependence of the lifetime and adhesion strength on the non-uniform stiffness of
substrate and inter-bond distance is also analyzed. These findings provide a detailed mechanistic understanding about
the adhesion interface responding to the mechanical heterogeneities of substrate at the molecular bond level.

I. INTRODUCTION

The mechanical cues have important roles in regulat-
ing cell behaviors in numerous physiological and patholog-
ical processes, such as stem cell differentiation in tissue
development,1,2 collective locomotion of cells in wound heal-
ing as well as cancer cell migration in tumor metastasis.3 In
these processes, as living matters cells actively sense and re-
spond to mechanical cues from their surrounding mechani-
cal microenvironments via cell adhesion that relies on the
intermittent interaction between a variety of receptor-ligand
pairs.4 One notable example of such a mechanical cue is
the ECM stiffness differing considerably between and within
tissues.5 Indeed, the ECM widely exhibits heterogeneity in
mechanical properties instead of uniform stiffness due to dy-
namic cellular interactions and remodeling processes, e.g.,
transient collagen crosslinking and dynamic fiber network
structure organization.6–8 For instance, in tumor tissue, en-
hanced crosslinking and specific arrangement triggers local
ECM stiffening that gives rise to the heterogeneity of stiffness
in the tumor microenvironment.9,10 Another biological cir-
cumstance is the neural crest (an embryonic cell population)
self-generating a stiffness gradient in the adjacent tissue.11

During cell-ECM or cell-tissue interaction, cell deforms
its opposing ECM or tissue with mechanical heterogeneity
through cell-generated traction force transmitted by a series
of receptor-ligand bonds. In turn, as observed in a variety
of artificial biomimetic systems with a comparable degree of
substrate stiffness gradient, this mechanical stimuli of me-

chanically heterogeneous ECM/tissue is able to guide the di-
rectional cell migration obviously.2,3,11–16 Specifically, em-
ploying a distinct soft-to-stiff interface consisting of two jux-
taposed hydrogels, Lo et al12 originally explored the direc-
tional movement of fibroblasts from the soft to the stiff region
on the substrate, called durotaxis. Moreover, regarding can-
cer cell adhesion on a biomimetic substrate (integrating two-
layered distinct elastic hydrogels with lenticular surface topol-
ogy) associated with anisotropic stiffness gradient, it is found
that cancer cells migrate along the orientation parallel to the
maximum stiffness of substrate.17 In addition to mechanically
heterogeneous hydrogel substrates, the cell durotaxis is also
demonstrated when the micropillar substrates of rigidity gra-
dient is adopted.18,19 Although it has been suggested that the
cells are significantly sensitive to the stiffness gradient sub-
strate at the single-cell scale, prior to whole cell movement
how adhesion interface of cell and substrate responds to these
mechanical heterogeneities remains elusive at the molecular
bond level.

Essentially, during cell-substrate interaction, the molec-
ular bond forming and breaking are highly stochastic and
reversible processes. Referring to these characteristics of
molecular bonds, extensive efforts have been conducted to
address dynamics of molecular bond clusters20–23 and their
response to external mechanical stimulus, such as dynamic
loading,24–27 substrate elasticity or viscosity,28–31 substrate
surface morphology,32 membrane fluctuations,33,34 hydrody-
namic impact from the blood flow35–38 and membrane surface
tension.39 Nevertheless, these attentions are mainly focused
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FIG. 1. Schematic diagram of a rigid plate adhering to a non-uniform
stiffness substrate mediated by molecular bond cluster under tensile
loading. The black dash line indicates the substrate surface at un-
stressed state. Here the substrate elasticity is introduced based on the
simplest form of an exponential function approximately correspond-
ing to the experimental cases.12,13,17

on a mechanically homogeneous interface with uniform stiff-
ness or a rigid interface. Given a uniformly elastic substrate,
it has been both experimentally and theoretically elaborated
that a stiffer substrate provides a more stable interface adhe-
sion of molecular bond clusters subjected to uniform loading
since all adhesive bonds share the external loading force more
equally in the case of stiffer substrate.28,40,41 Despite these ef-
forts, the important characteristics of interface adhesion (e.g.
adhesion strength, crack propagation as well as lifetime of ad-
hesive bond cluster) is still unknown under dynamic loading
when the locally stiff and soft regions appear simultaneously
in the context of mechanically heterogeneous substrate.

Difficulty here in theoretically describing the mechanically
heterogeneous interface adhesion via receper-ligand bonds de-
pends on integrating the surface deformation of heterogeneous
substrate into the stochastic binding and unbinding kinetics
of receptor-ligand pairs. As inspired by previously continu-
ous deformable-discrete stochastic framework,42 in this paper,
combining the continuum mechanics and statistical thermo-
dynamics, we investigate the interface adhesion among non-
uniform stiffness mediums mediated by molecular bond clus-
ter under tensile loading.

II. THEORETICAL METHOD

In order to understand how the cell interacts with their
mechanically heterogeneous ECM at the scale of adhesive
molecular bonds, a simple mechanical plane-strain model ac-
counting for the effect of substrate elasticity gradient is pre-
sented. Concretely, a rigid plate adheres to a laterally non-
uniform stiffness substrate through a series of receptor-ligand
bonds subjected to tensile loading as schematically depicted in
Fig. 1. Here, corresponding to the experimental cases12,13,17

in which the substrate elasticity approximately exponentially
increase from 1 kPa to 40 kPa, the Young’s modulus of sub-

strate exponentially varies in the lateral direction (x coordinate
axis) as

E (x) = E0exp(γx) (1)

with the constant value E0 at x = 0 and a nonhomogeneity
constant γ . Clearly, the positive and negative sides of axis x
associate with the relatively stiff and soft regions of substrate,
respectively. The uniformly distributed adhesive bonds with
interval b are represented by a set of thermally elastic springs
with rest length l0 and stiffness λ . The cluster consists of N
receptor-ligand bonds.

A. Substrate surface deformation

Concerning the mechanical contact problem between a
single rigid punch and such laterally non-uniform stiffness
substrate, the surface stress distribution is computationally
explored.43–45 Referring to this mechanical circumstance, we
equivalently treat the interplay between individual receptor-
ligand bond and substrate as the single bond exerting an dis-
tributed pulling pressure on substrate surface during tensile
process. In order to obtain the substrate surface deformation
while all intermittent bonds deform the substrate together, in
the following, we first briefly describe the single bond pulling
the substrate and subsequently yield the surface deformation
of substrate in the case of molecular bond cluster based on
superposition principle.

For pulling the substrate via a single bond, under the coordi-
nate system as shown in Fig. 1, the equilibrium equations with
respect to the displacement components (u,v) of substrate in
the x- and y- directions can be expressed as43,44

(κ +1)
∂ 2u
∂ 2x

+(κ−1)
∂ 2u
∂ 2y

+2
∂ 2v

∂x∂y
+ γ (κ +1)

∂u
∂x

+ γ (3−κ)
∂v
∂y

= 0,
(2)

(κ +1)
∂ 2v
∂ 2y

+(κ−1)
∂ 2v
∂ 2x

+2
∂ 2u

∂x∂y
+ γ (κ−1)

∂v
∂x

+ γ (κ−1)
∂u
∂y

= 0,
(3)

where the constant κ is denoted as κ = 3−4υ with the Pois-
son’s ratio υ . Applying Fourier integral transformation tech-
nique to the above equilibrium equations gives the general so-
lutions for the substrate displacement components as

u(x,y) =
1

2π

∫
∞

−∞

2

∑
j=1

M j (ρ)c jexp(iρx+ s jy)dρ, (4)

v(x,y) =
1

2π

∫
∞

−∞

2

∑
j=1

M j (ρ)exp(iρx+ s jy)dρ, (5)

where i represents the imaginary unit
√
−1 and the parameters
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3

s j and c j ( j = 1,2) are expressed as

s1 =−
1
2

γ

√
3−κ

κ +1
− 1

2

√
4ρ2 +4iγρ + γ2 3−κ

κ +1
, (6)

s2 =
1
2

γ

√
3−κ

κ +1
− 1

2

√
4ρ2 +4iγρ + γ2 3−κ

κ +1
, (7)

c j =−
(κ +1)s2

j + γ (κ−1) iρ− (κ−1)ρ2

[2iρ + γ (κ−1)]s j
. (8)

The other terms, M j (ρ) with j = 1,2, in the expression of
substrate displacement (as shown in Eqs. 4 and 5), are the
unknown parameters to be numerically determined by the
boundary conditions.

During a single bond pulling substrate, a general stress
boundary condition can be given as

σyy (x,0) = p(x) , σxy (x,0) = 0, (9)

with distributed traction p(x) along the substrate surface. Fur-
thermore, the constitutive relation for substrate can be ex-
pressed as

σyy (x,y) =
E (x)

2(1+υ)(κ−1)

[
(κ +1)

∂v
∂y

+(3−κ)
∂u
∂x

]
,(10)

σxy (x,y) =
E (x)

2(1+υ)

(
∂u
∂y

+
∂v
∂x

)
. (11)

Inserting Eqs. (1,4,5 and 9) into above constitutive equa-
tions yields[

s1 (κ +1)+ iρ (3−κ)N1 s2 (κ +1)+ iρ (3−κ)c2
iρ + s1c1 iρ + s2c2

]
·
[

M1 (ρ)
M2 (ρ)

]
=

[
2(1+υ)(κ−1)

∫
∞

−∞

p(z)
E(z)exp(−iρz)dz

0

]
.

(12)

Solving this linear system obtains the expression of unknown
parameters M j (ρ) containing the surface traction p(x). This
contact stress p(x) can be achieved by numerically solv-
ing a singular integral equation associated with boundary
conditions43,44. Especially, during a single bond pulling sub-
strate within a contact zone −a < x < a with the receptor-
ligand bond radius a, assuming the uniform substrate surface
displacement within the contact zone, we can determine the
additional boundary and equilibrium conditions as

∂v(x,0)
∂x

= 0 for −a < x < a,
∫ a

−a
σyy (x,0)dx = P, (13)

where P stands for the pulling force exerted on the substrate
via single receptor-ligand bond. Combining the displacement
of Fourier expression in Eq. 4 and above additional bound-
ary and equilibrium conditions in Eq. 13 derives the singular
integral equation of the second kind with respect to the un-
known contact stress p(x) that can be subsequently calculated
by numerically solved the conducted singular integral equa-
tion based on the expansion-collocation method. This numeri-
cal solution procedure has been considerably described in pre-
vious literature43–45 for classical contact problem, please see
details in these related works.

Once the contact stress p(x) induced by single receptor-
ligand bond pulling is obtained, the surface deformation
v(x,0) depending on pulling force P can be calculated by us-
ing Eqs. 4 and 12. When a set of receptor-ligand bonds give
rise to the substrate deformation, the surface deformation pro-
file of substrate can be acquired through superposition prin-
ciple due to the linear stress-strain relations and linear strain-
displacement relations treated for the elastic substrate in the
current context.

B. Finite element method

To verify above numerical predictions on surface deforma-
tion. Based on the finite element method (FEM), the software
COMSOL Multiphysics is adopted to analyze the deformation
of the non-uniform stiffness substrate under a tensile load-
ing. The transversal gradient substrate is treated with Young’s
modulus (E) increasing with the length direction, see Eq. 1
for details. There is a tensile loading in the center of the top
of the transversal gradient material. Since the bond pulling
substrate is treated as interaction between a non-uniform stiff-
ness half-space and a flat contact in the present theoretical
model, to have a fair comparison, the tensile loading first acts
on an elastic block of homogeneous material with a much
larger stiffness around 80 GPa, close to a rigid flat tip, and
further deforms the substrate. This elastic block is perfectly
bonded with the transverse gradient substrate to guarantee that
the stress is fully transferred to the transverse gradient sub-
strate. In the calculation, the solid mechanics module is used
to analyze its deformation. The left, right, and bottom sides
of the transverse gradient substrate are fixed constraints, and
its upper side is free. For the elastic block, only longitudinal
displacements are allowed on the left and right sides. Then
the triangular elements are used for meshing, and it contains
635 domain elements (the convergence is verified). Finally,
the steady-state solver is used to solve this problem. Dur-
ing the computational process, it is also worth noting that the
computational calculations of substrate deformation signifi-
cantly depend on the size of elastic body. Specifically, for a
large elastic body, there has no evident boundary deformation
so that the computational results on substrate deformation are
approximately close to the theoretical predictions. However,
when the size of elastic body is small, the possible bound-
ary deformation calculated based on FEM would give rise to
a large difference in computationally calculated and theoreti-
cally predicted substrate deformation. In order to effectively
simulate deformation of a half-space elastic substrate, an ap-
propriate size of elastic body is hence chosen to avoid bound-
ary deformation taking place in the FEM simulations.

C. Stochastic dynamics of adhesive interface

Given the effective bond density, 1/b2, a slice of the sys-
tem with out-of-plane b is considered in a simple way. As the
bond formed by receptor binding to its ligand and the unbind-
ing of receptor-ligand pairs indeed are stochastic processes,
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TABLE I. Representative system parameters used in the current con-
text.

Quantity Meaning Value
υ Poisson’s ratio of substrate 0.3
γ Elastic nonhomogeneity constant 10−3 1/nm
E0 Constant Young’s modulus 10 kPa
l0 Rest length of bond 11 nm46

λ Bond stiffness 0.25 pN/nm47

a Bond radius 1 nm48

b0 Distance constant 32 nm28

b Interval between binding sites 0.5b0, b0 and 2b0
εb Binding affinity 5 kBT 49

α Reaction radius 1 nm4

k0 Intrinsic reaction rate 2×104 s−150

N Total number of bonds 31, 60

the adhesion configuration of molecular bond cluster would be
evolved over time by random bond association and dissocia-
tion events. For any possible transient adhesion configuration
in the context of interface adhesion of the non-uniform stiff-
ness substrate and the rigid plate system mediated by molecu-
lar bond cluster under tensile loading, the substrate surface de-
formation corresponding to transient equilibrium of adhesion
system can be determined by the geometric and force equilib-
rium conditions as

vi +∆i + l0 = h (i = 1 · · ·n) and
n

∑
i=1

fi = F, (14)

where ui indicates the substrate surface deformation at the i-
th bond position xi and on the basis of superposition principle
can be defined as vi = ∑

n
j=1 vi j with the displacement vi j at

xi induced by the force f j transmitted through the j-th bond
located at x j. At this moment the relationship between the
force f j = Pjb and the substrate surface displacement vi j is
numerically determined as described in the above subsections.
The terms ∆i = fi/λ , h and F reflects the stretched length
of the i-th bond, the separation between two surface at unde-
formed position and the total loading force, respectively. For
this possible adhesion configuration, n means the total number
of the closed receptor-ligand bonds. The unknown n+ 1 pa-
rameters ( fi, · · · fn,h) or ( fi, · · · fn,F) would be calculated by
solving Eq. 14 for force-controlled or displacement-controlled
loading. Correspondingly, the related substrate surface pro-
file would be obtained. For such substrate surface profile,
each receptor-ligand pair state would stochastically transfer
between the bound and unbound states, govern by the associ-
ation and dissociation rates as22,50,51

kon = k0

√
λα2

2πkBT
exp
[
− λ

2kBT
(δ − l0−α)2

]
, (15)

koff = k0exp
(
− εb

kBT

)
exp
(

2λα∆−λα2

2kBT

)
, (16)

with the intrinsic reaction rate k0, the distance δ between two
surfaces, the reaction radius α of binding site, the bond affin-
ity εb, the Boltzmann constant kB and the absolute temperature
T .

For a rigid interface, based on Markov process the stochas-
tic process of receptor-ligand bond binding/unbinding can
be theoretically described by the relevant master equation
whose analytical solution can be readily obtained.22,46 How-
ever, when receptor-ligand bond cluster bridges the elastic
mediums, the master equations are significantly complex ow-
ing to the large number of all possible adhesion configura-
tions raised by the elastic deformation of substrate. Alterna-
tively, we propose the Monte Carlo simulation to computa-
tionally solve the stochastic process on the basis of the first
reaction method derived from the Gillespie algorithm52. The
main steps of simulation procedure are briefly summarized as
following. Initially, we assume that all receptor-ligand pairs
are bounded. For each individual binding site, the related
reaction rate normalized by k0 can be calculated from Eqs.
15 or 16 as ki = koff/k0 for a bound bond or ki = kon/k0 for
a unbound bond, respectively. Then, randomly generating a
set of independent random number wi with uniform distribu-
tion in the interval of [0,1] for all binding sites, we define the
time incremental dt corresponding to the next reaction tak-
ing place as dt = 1

k0
min

{
− lnwi

ki

}
(i = 1,2, · · · ,N). Record

the reaction site inducing the time incremental and change its
bond state from bound to unbound or from unbound to bound.
The bond cluster evolution can be obtained by repeating the
above procedure. The related system parameters are listed in
Table I, in which the substrate Young’s modulus within ad-
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FIG. 2. (A) Substrate surface deformation distribution resulted from
tensile loading P = 1 pN per thickness b0 transmitted by single bond
at x = 0. (B) The related displacement field v(x,y) computed by
finite element method. Here, the presented elastic body is a part of
the whole body. (C) Substrate surface deformation induced by tensile
forces through three bonds with different inter-bond distance, b0 and
2b0. Three tensile forces act on the substrate surface positions of x =
−2b0, 0 and b0, respectively, and have identical value of P = 1 pN
per thickness b0.
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FIG. 3. (A) Evolution of number of bound bonds with time for
N = 60, b = b0 and different tensile force of 15, 25 and 50 pN.
a0−a6 stands for the representative cluster configuration states cho-
sen from simulated trajectory of tensile force, 15 pN. (B) Bond state
map related to the simulated trajectory points of tensile force, 15 pN.
The horizontal coordinate corresponds to the order of receptor-ligand
bonds positioned along the adhesion interface as shown in Fig. 1.

hesion zone approximately changes from 3.8 kPa to 25 kPa
close to the range of substrate stiffness in the experimental
conditions.2,15,16

III. RESULTS AND DISCUSSIONS

In order to evaluate the numerically predicted surface de-
formation of the laterally non-uniform stiffness substrate, we
perform the corresponding finite element simulation as men-
tioned in above section. Fig. 2 shows a comparison of the
numerical prediction in the current context and the computa-
tional result from finite element simulation on the substrate
surface deformation in the cases of a single (Fig. 2A and B)
and multiple (Fig. 2C) receptor-ligand bonds applying tension
load to the substrate surface. This comparison exhibits excel-
lent agreement. Additionally, as shown in Fig. 2A and B, the
substrate surface deformation clearly presents an asymmetri-
cal distribution under tensile loading via single bond owing
to the laterally non-uniform stiffness of substrate. In princi-
ple, starting from loading position (x = 0 in Fig. 2A and B)
the surface deformation displays more rapid decrease along
the positive x-axis (toward the stiff substrate surface) than this
along the negative x-axis (toward the soft substrate surface).
In the following, according to this calculated relationship be-
tween surface deformation and tensile loading, we examine

the stochastic dynamics of molecular bond cluster in response
to the heterogeneous elasticity of substrate.

Considering a set of tensile forces, we define the dynamic
trajectory of the number of bound bonds as shown in Fig. 3. It
is seen in Fig. 3A that the bond dissociation process dominates
the bond cluster dynamics under large tensile force where the
bond rebinding rarely takes place. Nevertheless this bond re-
binding would be significantly enhanced for a small tensile
loading even though the interface adhesion of bond cluster
will also eventually disappear. This can be explained by the
tensile force exerted on each individual bond is capable of
decreasing the effective binding affinity of bond.51 In addi-
tion to the evolution of bound bond number, the bond state
map evolving with a series of time points is schematically ex-
hibited in Fig. 3B, in which a0−a6 are representative cluster
configuration states chosen from the simulation trajectory of
loading force F = 15 pN as marked in Fig. 3A. It is suggested
that the interfacial fracture between the rigid plate and the
non-uniform stiffness substrate depends on the heterogeneous
elasticity of substrate. Explicitly, as a result of adhesive bond
dissociation, the crack initializes only at the adhesive edge
corresponding to a relatively stiff interface and then gradually
propagates towards the soft interface until the two surfaces are
completely detached from each other, whereas, for mechani-
cally homogeneous adhesion interface mediated by receptor-
ligand bond under tensile loading, previous efforts indicate
that the adhesion failure is triggered by cracks concurrently
growing from the both two edges of the adhesion interface to-
wards the center.27,28,42 This is because, for the non-uniform
substrate, the discrete interfacial traction forces supported by
receptor-ligand bond cluster seriously become large at only
the stiff edge of adhesive interface instead of both two edges
at which the traction forces have maximum values in the case
of homogeneous substrate. These large traction forces guide
the receptor-ligand bond dissociation process.

For a given loading force, the associated lifetime of a rel-
atively unstable bond cluster can be directly extracted from
the Monte Carlo simulation trajectory as shown in Fig. 3A.
After averaging over the lifetime sample space from 1000
simulations (the convergence verified) for each tensile case,
the mean lifetime of bond cluster as a function of tensile
force is plotted in Fig. 4 where three typical substrates (non-
uniform, uniformly stiff and uniformly soft substrates) are
taken into account. With increasing tensile force, the mean
lifetime decrease monotonously in all three cases. Regard-
ing to a given tensile force, the mean lifetime under the sit-
uation of uniformly stiff substrate always has the maximum
value among three cases. Interestingly, for a small tensile
loading, the lifetime associated with the non-uniform stiff-
ness substrate (Young’s modulus ranging from 3.8 to 25 kPa)
is notably larger than that in the case of uniformly soft sub-
strate with Young’s modulus 3.8 kPa. In contrast, this circum-
stance related to uniformly soft substrate shows a larger life-
time of bond cluster when a large tensile force is considered
(see Fig. 5 for the representative simulated trajectories).

In order to understand these distinct phenomena sensitive to
tensile force, correspondingly we further explore the initially
discrete contact force distribution acting on substrate surface
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uniform stiffness substrates for total bond number N = 60 and inter-
bond distance b = b0.
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via bond cluster as plotted in Fig. 6. During stretching the
adhesion interface with a large loading force of 100 pN, al-
though the contact force symmetrically increases from center
to both two edges of adhesion area in the case of uniformly
soft substrate, the larger collective contact forces from 3.266
to 11.49 pN (labelled through rectangular box in Fig. 6) near
the stiff adhesion edge under the situation of the non-uniform
stiffness substrate in comparison to uniformly soft substrate
give rise to a faster process of adhesion failure. Neverthe-
less, when the adhesion interface between the non-uniform
substrate and the plate is subjected to a small tensile force of
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respectively, in which all receptor-ligand pairs are bound. The rect-
angular boxes note the collective contact forces near the stiff edge of
adhesion interface in the case of the non-uniform substrate.

14 pN, these contact forces gathering near the stiff adhesion
edge exactly range from 0.45 to 1.6 pN that is much lower than
the characteristic force, 4 pN, required for effectively elimi-
nating the potential well between binder pairs,53 therefore ef-
fectively enhancing the bond association process as shown in
Fig. 6. Moreover, for adhesion interface associated with uni-
formly soft substrate under this small tensile force of 14 pN,
the presented collective contact forces at both two edges drive
the two cracks simultaneously growing whereas there is only
one crack dynamically growing in the case of the non-uniform
stiffness substrate. For small tensile force, a lower lifetime of
bond cluster related to uniformly soft substrate in comparison
to the non-uniform stiffness substrate is a result of these two
factors.

In addition to force-controlled loading, we also investi-
gate the stochastic dynamics of adhesion interface between
non-uniform stiffness substrate and plate under displacement-
controlled loading. Fig. 7A plots the interface tensile force
as a function of the change of inter-surface separation h− l0
for different loading rates. The interface tensile force firstly
increases and then drops to zero as the change of inter-surface
separation increases. The maximum value of this tensile force
is identified as the adhesion strength. The higher loading
rate, the larger adhesion strength. Furthermore, the depen-
dence of adhesion strength on loading rate is extendedly ex-
plored in the three condition including uniformly stiff, uni-
formly soft and non-uniform stiffness substrates, respectively,
as shown in Fig. 7B. All adhesion strengths in these three
cases monotonously increase as loading rate increases. When
the loading rate tends to zero, the dissociation and associa-
tion processes of molecular bonds roughly reach equilibrium
for any inter-surface separation. Moreover, distinct from the
substrate mechanics affecting the relationship between cluster
lifetime and tensile loading, as expected for a given loading
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and non-uniform substrates), the related adhesion strength as a func-
tion of loading rate. Here the system parameters are taken as total
bond number N = 60 and inter-bond distance b = b0.

rate the adhesion strength in the case of non-uniform substrate
always has the intermediate value among these three substrate
conditions (see Fig. 7B). A large adhesion strength, also the
maximum value of tensile force, is related to a relatively high
inter-surface separation during the whole stretching process as
shown in Fig. 7A. Under this circumstance of a relatively high
inter-surface separation, soft substrate can’t effectively sup-
port the interface adhesion due to the large collective contact
force near the adhesion edge. As the cases shown in Fig. 7B,
the non-uniform stiffness substrate is much stiffer than the
uniformly soft substrate, therefore giving rise to a larger ad-
hesion strength.

Furthermore, we consider more cases with different inter-
bond distance to simulate the interface fracture during non-
uniform stiffness substrate interacting with rigid plate via
molecular bonds subjected to tensile loading. Concretely,
a set of receptor-ligand bonds (N = 31) are symmetrically
distributed around the position x = 0 of Young’s modulus
E0 = 10 kPa. Fig. 8 displays the effect of inter-bond dis-
tance on non-uniform stiffness substrate interacting with rigid
plate via molecular bond. As shown in Fig. 8A, under force-
controlled loading, it is found that a long lifetime of bond clus-
ter is associated with a small inter-bond distance as a result
of a large traction force near the contact edge in the case of
large inter-bond distance (see Fig. 8B). Moreover, the adhe-
sion strength as a function of loading rate for different inter-
bond distances also is examined as shown in Fig. 8C. When
the loading rate is low, the adhesion strength decreases as the
inter-bond distance increases. Nevertheless, for a high load-
ing rate, the adhesion strength increases monotonically with
increasing inter-bond distance. These inter-bond distance ef-
fects depending on loading rate might be explained by the dy-
namic competition between the number of bound bonds and
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bond extension. For the low loading rate, a large number of
bound bonds related to small inter-bond distance mainly gives
rise to a high adhesion strength. If the loading rate is high,
in the case of large inter-bond distance the locally stiff adhe-
sion region providing a large elastic extension of bond mainly
causes a large adhesion strength.

It is also worth mentioning that the cell interacting with its
mechanically heterogeneous substrate is a complex process
containing multiple subcellular and molecular biophysical
processes, e.g., spatiotemporal interplay between actomyosin
contractility and adhesion,54 actin cytoskeleton remodeling,55

receptor mobility,27 as well as stress fiber contraction.56 These
factors indeed affect the interplay between cell and its me-
chanical ECM for a real biological system. However, the
aim of the work presented here was to provide an insight
into how the interface adhesion consisting of molecular bond
cluster responds to mechanical stimuli of mechanically het-
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erogeneous substrate. This insight should be related to the
biological process of mechanically heterogeneous substrate
guiding directional cell migration. In addition to the sub-
strate heterogeneity, it should be noted that heterogeneous
parallel-bond adhesion clusters also support a mechanically
heterogeneous environment owing to the diversity of receptor-
ligand bonds with distinct biomechanical properties.23 More-
over, in fact, as evidently observed in vitro experiments, direc-
tional cell migration is governed by a mechanically heteroge-
neous substrate with elasticity typically ranging from several
kilopascal to a few tens of kilopascal. The explicit distribu-
tion of substrate elasticity actually relies on the experimen-
tally prepared complex substrate. The present study is to in-
vestigate the substrates exhibiting nonlinear stiffness gradient
in which the substrate elasticity approximately exponentially
increases.12,13,17 Nevertheless, recent linear stiffness gradient
hydrogels are prepared and used to explore stem cell migra-
tion and mechanotransduction.2 In such linear circumstances,
the linear function of substrate elasticity should be alterna-
tively considered, instead of the exponential function.

In the current context, the instantaneous elastic deforma-
tion of substrate is actually treated. This situation implies that
the dynamics of deformation and recovery of substrate surface
is relatively faster than the bond association/dissociation pro-
cesses. However, if the dynamics of substrate deformation and
recovery is comparable to the reaction between receptor and
ligand, the interplay between surface relaxation and receptor-
ligand reaction likely becomes important. For example, in
presence of a viscoelastic substrate, its deformation relaxation
can significantly enhance the molecular adhesion.30

IV. CONCLUSIONS

In summary, using a stochastic-elasticity coupling frame-
work we have investigated the effects of substrate’s gradient
elasticity, a common feature existing in cell’s environment in-
volving in the biological process, on the interface adhesion
via receptor-ligand bond cluster under tensile loading. In our
model, by combining the surface deformation of non-uniform
stiffness substrate defined by continuum mechanics approach
and the reversible bound and unbound processes of bond de-
scribed by statistic thermodynamics, the stochastic dynamics
of stretching the adhesion interface and it’s relevant bond clus-
ter can be obtained through implementing Monte Carlo sim-
ulations. Results show that the dynamic process of adhesion
interface in response to tensile loading significantly relies on
the gradient elasticity of substrate. Especially, in contrast with
the uniformly elastic substrate, during the process of adhesion
failure, the non-uniform stiffness substrate distinctly provides
only one crack growing from stiff to soft edges of adhesion
area instead of two cracks growing from both edges to center
in the case of uniformly elastic substrate. This is caused by in
presence of non-uniform stiffness substrate the large contact
force deeply collects near the stiff adhesion edge that leads to
crack initialization and extension. Moreover, during stretch-
ing adhesion interface with force- and displacement- con-
trolled loading, the associated lifetime of bond cluster and in-

terface adhesion strength depending on the non-uniform stiff-
ness of substrate are systemically explored. These findings
not only help us understand the mechanical mechanism of in-
terface adhesion via molecular bond cluster in response to ten-
sile loading and but also seem to provide an additional view
on understanding how cell migration is guided by the hetero-
geneous elastic substrate. Nevertheless, there are still several
issues that have not been considered in the present study such
as energy dissipation from receptor-ligand reaction under dif-
ferent loading rates, clustering and biophysical diversity of
adhesive molecules. Due to the bond dissociation and asso-
ciation notably relying on substrate surface deformation, the
substrate non-uniform stiffness would affect the clustering of
adhesive molecules and couple with the diversity of adhesive
molecules. The current model actually doesn’t include these
issues. However, it seems that introducing the molecule mo-
bility may be capable of addressing how the effect of substrate
non-uniform stiffness on clustering of adhesive molecules and
interplay between deformation of non-uniform stiffness sub-
strate and biophysical diversity of adhesive molecules.

Additionally, the energy dissipation related to different
loading rates plays an important role in biological adhesion.
Specifically, during cell rolling adhesion under hydrodynamic
stimulate from shear flow, owing to the different pathways of
adhesive traction during detaching and approaching processes
of two surfaces, the adhesion hysteresis of contacting sur-
faces leading to energy dissipation can significantly regulate
the kinetics of rolling adhesion of cell.36,37 However, because
a large fluctuation towards the absorbing boundary inevitably
leads to a runaway process, it is difficult to directly obtain the
approaching process of two contacting surfaces from the cur-
rent Monte Carlo simulations. Moreover, since we currently
focused on tensile fatigue of the adhesive interface, regarding
the non-uniform elastic substrate, the adhesion hysteresis in-
duced by the different pathways of adhesive traction during
two surfaces advancing and receding is worthy of future in-
vestigation.
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