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ABSTRACT: Polymer adhesion is ubiquitous in both the natural
world and human technology. It is also a complex multiscale
phenomenon, such that the solution of adhesion problems requires
a convergence of chemistry, physics, and engineering. In this
Perspective, we provide an overview of some of the fundamental
concepts that have emerged in the field of polymer adhesion,
discuss recent work, and identify challenges in three specific areas:
(a) theories and simulations, with an emphasis on problems
involving chain scission; (b) experimental methods for measuring
forces and characterizing interfaces at the molecular scale; and (c)
strategies inspired by living organisms to generate underwater
adhesion.

■ INTRODUCTION

Polymeric materials derived from tree resin (pitch and tar),
animal skin and bones, and natural rubber have been used as
adhesives for millennia, long before Staudinger recognized
polymer molecules as chainlike sequences of covalently bonded
units.1 The most abundant polymeric biomolecule in animal
connective tissues, collagen protein, was named in reference to
its ability to produce a glue, or κoλ́λα in ancient Greek and colla
in modern Italian. The term “colloid” originally referred to all
types of ill-defined and sticky forms of matterincluding
polymerswhich could not be purified by crystallization. The
English word glue derives from the Latin glutinum, which is also
related to glutenanother sticky proteinaceous material
extracted from plants.
Today, synthetic polymers can be engineered to have high

mechanical strength or deformability, electrical and thermal
conductivity, optical transparency, chemical resistance, and
biocompatibility to satisfy a growing demand for adhesives,
sealants, and coatings in advanced and emerging technologies
such as microelectronics, 3D-printing, regenerative medicine,
and tissue engineering.2 Polymer adhesives are also replacing
traditional joining methods such as soldering, bolting, and
screwing, particularly in aerospace and automotive engineering,
because they are lighter, generate little stress concentrations, and
are more resistant to fatigue.3 This versatility stems from the
variety of molecular parameters that define a polymer, including
the physicochemical properties of the main chain and side
groups, molecular weight, degree of polymerization, block
architecture, topology, and solid-state morphology.
Adhesion between two materials requires strong interactions

across their interface, with a nonvanishing contact area. In
polymers, as in other materials, adhesion can be promoted by

introducing chemical groups that enable strong interfacial
interactions. Unlike other materials, however, polymers can be
engineered to express a wide spectrum of bulk viscoelastic
properties. In particular, they can be applied to surfaces as fluids
(before polymerization, cross-linking or resolidification) or soft
viscoelastic materials, so as to comply and conform to the
surfaces, and maximize the adhesive contact area. In contrast,
rigid materials such as metals, ceramics, or glass come into
contact with their hard asperities, creating a sparse interface with
a small contact area and weak adhesion. The flexible design of
viscoelastic properties also allows controlling the distribution,
storage, and dissipation of energy within a deformed polymer
material, reducing adhesive and cohesive failures. After a century
of polymer science, and thanks also to the work of Giuseppe
Allegra (see Figure 1, as well as a few references spread
throughout this Perspective), the linear viscoelastic properties of
polymers and their elastic strength (i.e., resistance to non-
reversible plastic deformations) are fairly well-understood,
starting from fundamental statistical mechanical principles.4−8

On the other hand, their interfacial properties and nonlinear
viscoelastic response are still the focus of intense research efforts,
with important implications for adhesion technology. Polymer
materials can show a high toughness, i.e., the ability to sustain
large and irreversible mechanical deformations by absorbing
large amounts of energy without breaking completely, and may
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even heal after the stress is released. Figure 2 anticipates
graphically some key features and mechanisms that are
responsible for these properties and will be extensively discussed
in the following.

Virtually all modern adhesives are based on polymers, and all
aspects of polymer chemistry and physics may in principle be
relevant for controlling adhesion phenomena. An application-
based classification of adhesives may give us an idea of the
vastness of the subject.2,3 Structural adhesives are used to bind
high-strength materials such as metals and composites. They
typically are highly cross-linked thermosetting polymers and can
be based on a range of chemistries, such as epoxides and
cyanoacrylates. Structural adhesives include the earliest
synthetic polymer (Bakelite), but they are also employed in
high-tech sectors such as aerospace and electronics. Elastomer-
based adhesives include pressure-sensitive adhesives, which are
used in all types of sticky tape, and rubber-based adhesives that
may have some structural role (e.g., in furniture and
construction) and are usually formulated as a mixture with an
organic solvent or water, which evaporates after application.
Thermoplastic adhesives include hot-melt adhesives that are

applied in the melt state and gain strength upon resolidification
or crystallization (e.g., in book binding) and polyvinyl acetate-
based emulsions (e.g., the “white glue” used in every household).
The natural polymers mentioned above may also be included in
this class. One important emerging category, not included in this
traditional classification, is that of hydrogel adhesives increas-
ingly used in the biomedical field.9−13

Because of the vastness of the topic, we will not attempt to
cover every aspect of polymer adhesion. Rather, our aim is to
highlight some general physicochemical principles and point to a
few emerging topics. An important question that motivated this
Perspective is how to predict the adhesive and mechanical
properties of a polymer material starting from the microscopic
description of a dynamical network of coiled, interwoven, and
cross-linked polymer chains (Figure 2). It is striking that, even
though polymers have been adopted because of their unique
mechanical properties, today it is probably easier to compute
from first-principles their optical or electrical properties than
their elastic modulus or toughness. This is a fascinating question
with enormous practical implications in surface and adhesion
technology.
One key concept underlying this Perspective is that polymer

adhesion is a complex, multiscale phenomenon. For example, a
hydrogen bond donor and an acceptor must come within 0.5 nm
from each other with a specific orientation in order to establish
interaction, but many such interactions must act cooperatively
over much larger length scales (at least hundreds of nanometers)
in order to be effective. Any discussion of adhesion should
encompass these scales and phenomena, bridging the molecular
and the continuum description of materials. This is challenging
also for the authors of this Perspective, because the intended
readers may come from different backgrounds (chemistry,
physics, biology, or engineering disciplines), lack some essential
pieces of the puzzle, or use the same terms to indicate different
things. In order to face this challenge, in addition to indicating
some current and future research topics, we have chosen to
provide some of the essential definitions and basic concepts. We
hope that, by making this Perspective reasonably self-contained,
we will have done a reasonable service to the community of
researchers, especially to the newcomers to the field. Following
the fundamentals, we focus on some of the emerging areas and
current challenges. These include theories and simulations of
adhesives and adhesion phenomena, experimental methods for
characterizing polymer interfaces and directly measuring
adhesive forces at the nanoscale, and strategies for generating
adhesion on wet surfaces and in aqueous environments.

■ FUNDAMENTALS

Stripped down to its essence, adhesion is about the mechanical
behavior of the interface between two materials or of one
material (the adhesive) joining the surfaces of two other
materials (the adherends). Throughout this Perspective, we
assume that the adhesive is a polymer, whereas the substrate or
adherends may be any material (metals, ceramics, glasses, other
polymers, biological tissues, etc.). Let us then start by giving a
few essential definitions and concepts related to material
interfaces and mechanics.2,14 These mostly involve macroscopic
properties and could be given without making reference to the
(macro)molecular nature of the materials or to a specific
experimental setup. Nonetheless we shall occasionally make
such references, in order to clarify these concepts through
examples.

Figure 1. Giuseppe Allegra in 1996.

Figure 2. Schematic illustration of the internal structure of an adhesive
polymer film between two solid surfaces, showing molecular features
relevant to surface force generation.
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Interfacial Energies and Wetting. The molecules at the
surface of a solid or liquid experience different interactions from
those in the bulk. When the interface is “atomically sharp”, as is
the case for fluids well below their critical temperature or the
cleavage plane of a layered crystalline solid such as mica,
graphite, and molybdenite, the thickness of this interface can be
identified with the characteristic range of intermolecular
forces.15 This is of the order of 1 nm, including the ubiquitous
dispersion forces, short-range specific interactions such as
hydrogen bonding, and also electrostatic interactions in ionic
solutions at physiological concentrations (due to Debye−
Hückel screening of charge−charge interactions). Following
Gibbs, when this thickness is much smaller than any other
relevant length scale in the system, the “interface” can be
described as an ideal two-dimensional diving surface.16 Notice
that the size of macromolecules can greatly exceed the range of
intermolecular forces. For example, the radius of gyration of an
unperturbed polystyrene chain with molecular weightMW = 3 ×
105 g/mol is of the order of 15 nm.17 All the macromolecules
whose centers-of-mass are within that distance from the nominal
interface will be significantly perturbed by it.18 In this case, it is
common to speak of an “interphase” of finite thickness, with
structural and dynamical properties distinct from those of the
bulk, especially in the neighborhood of the polymer’s glass
transition temperature.19,20

The surface (free) energy (γi) of a material collects the
contributions to its free energy that are proportional to the
interfacial area (unlike the ordinary “bulk” contributions that are
proportional to its volume or mass). Formally, it can be defined
as

γ =
∂
∂

=
∂
∂

F
A

G
Ai

i

n V T

i

n P T, , , , (1)

where Fi and Gi are the Helmhotz and Gibbs free energies of
phase i; A is the interfacial area; n is the number of molecules (of
each species, in a mixture); and V, P, and T are the volume,
pressure, and absolute temperature, respectively. The surface
energy is a thermodynamically well-defined equilibrium
property for both solids and liquids. In the latter case, it is also
known as “surface tension”, because it measures a force per unit
length that opposes surface deformations, as if the surface were a
thin elastic membrane. One value worth remembering, because
of its connection with everyday experience, is the surface tension
of water at room temperature, γw = 73 mN/m. The surface
tension of liquid polyethylene (PE) is about γPE = 27 mN/m for
high-Mw polyethylene chains at 150 °C, and decreases asMn

−1 on
decreasing the chain length due to the effect of the chain
terminals.21 Poly(tetrafluoroethylene) (PTFE), a prototypical
low surface energy polymer, has γPTFE = 18 mN/m around the
same temperature.
Let us consider the separation of a block of material i in

vacuum or in air, by reversibly cutting through it. Note that the
requirement of thermodynamic reversibility is not easily
achieved in the case of polymers; we shall return to elaborate
on this point later. The work of cohesion spent to perform this
operation is

γ=W 2ii i (2)

where the factor 2 derives from the fact that two identical
surfaces are created on opposite sides of the cut. This quantity
enters Griffith’s criterion for the propagation of a crack within a
brittle material (i.e., a material without any energy dissipation

mechanisms) as the minimum value for the strain energy release
ratethe decrease in stored elastic energy per unit area of the
new interface.22 If the new surfaces are created by cutting
between two unlike materials, the analogous quantity is the work
of adhesion given by the Dupre ́ equation:

γ γ γ= + −Wij i j ij (3)

where γij is the energy associated with the interface between i and
j.
As a rule of thumb, the work of cohesion is in the 10−100

mN/m range for noncovalent interactions and increases by at
least 1 order of magnitude when surface separation involves the
rupture of covalent bonds. These estimates can be justified by
taking the ratio between the interaction or bond energies
occurring across an area and the area itself. Works of adhesion
are generally smaller and more variable depending on the
materials, as they result from the subtraction of different, often
comparable contributions (see again eq 3). Nonetheless they are
always positive, reflecting the fact that two condensed materials
prefer to stay in contact rather than being exposed to vacuum (or
air).
Water-insoluble materials are classified as hydrophilic,

hydrophobic, or neutral according to how a small water droplet
behaves after being placed on the material’s surface in air.15 The
behavior depends on the work of adhesion between the surface
(i) and water (w),Wiw, compared to the surface tension of water,
γw. Namely, when 0 < Wiw < 2γw, water forms a droplet with
spherical cap shape and contact angle θ given by the Young−
Dupre ́ equation:

θ
γ

= −
W

cos 1iw

w (4)

When Wiw ≥ 2γw, the droplet is unstable and spreads into a
continuous wetting film. When Wiw = 0, water completely
retracts from the surface into a spherical droplet or “de-wets”.
Conventionally, the surface is considered hydrophilic if θ < 30°
or wetting occurs, hydrophobic if θ > 70° or dewetting occurs,
and neutral otherwise.

Elasticity of Polymers. As mentioned above, in addition to
its surface free energies, the bulk mechanical or viscoelastic
properties of a material are crucial for its adhesive behavior. For
an isotropic material, restricting ourselves to the domain of
linear elasticity (i.e., in the limit of small and slow deformations),
these are fully characterized by two independent material
parameters. Usually, these are taken to be the bulk modulus (K)
and the shear modulus (G), or the Young modulus (E) and the
Poisson ratio (ν). The first three have dimensions of pressure or
energy per unit volume and therefore are measured in Pa (= 1
N/m2 = 1 J/m3), while the latter is adimensional. They are
related as follows:23

ν

ν ν

=
+

= −
+

=
−

=
+

E
KG

K G
K G

K G

K
E

G
E

9
3

and
3 2

2(3 )

3(1 2 )
and

2(1 ) (5)

These elastic moduli relate the stress (σpq) to the strain (ϵrs),
where the subscripts indicate that these are tensor quantities.
For the purpose of illustration, let us consider the simple case of
a material being stretched or compressed uniformly along one
direction (say z) and allowed to relax along the orthogonal
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directions (x and y). The off-diagonal strain components are
then zero, whereas the diagonal ones are given by

νϵ =
−

ϵ = ϵ = − ϵ
d d

dzz xx yy zz
0

0 (6)

where d and d0 denote the deformed and undeformed sample
length, respectively. The resulting stress is

σ σ σ= ϵ = =E 0zz zz xx yy (7)

However, if we consider a thin layer of adhesive material bonded
to two rigid surfaces being pulled away from each other, the
lateral dimensions of the sample will not be able to relax. In this
case one has

ϵ =
−

ϵ = ϵ =
d d

d
0zz xx yy

0

0 (8)

and23

σ ν
ν ν

σ σ ν
ν ν

= −
+ −

ϵ

= =
+ −

ϵ

E

E

(1 )
(1 )(1 2 )

(1 )(1 2 )

zz zz

xx yy zz
(9)

For many soft solids such as rubbers and pressure-sensitive
adhesives, K ≫ G and ν approaches its limit value of 0.5 from
below. This means that the material tends to deform without
volume changes, unless it is constrained in some way (see
above). Note that the stress calculated from eq 9 is much larger
than that obtained from eq 7, when ν > 0.45.
Typical values for E are 1−10 kPa for gels, 1−10 MPa for

rubber, 1 GPa for plastics, and 100 GPa for hard materials such
as metals and ceramics. This range of elastic moduli can also be
found in living tissues, with brain and bones at the two extremes
of the scale.24 Thus, while surface free energies are restricted
within 2 or 3 orders of magnitude, the mechanical properties of
the contacting materials can differ by more than 8 orders of
magnitude. This observation explains why mechanics may
overtake intermolecular interactions when it comes to
interpreting and controlling adhesion phenomena. Note that
controlling the elastic modulus can also be exploited to suppress
unwanted adhesion phenomena. For example, the built-in
nanoscale heterogeneity in the elastic properties of soft
nanocomposites has been exploited to develop durable ice-
phobic coatings,25 following a model for interfacial mechanical
instabilities by Chaudhury and Kim.26

Curved Contact Geometries and the JKR Model. The
relative importance of adhesive and mechanical forces depends
on the length scale.27,28 The ratio of the work of adhesion
between two materials and their Young modulus (Wij and Ei or
Ej, respectively, measured in J/m2 and J/m3) defines a
characteristic length scale known as the elasto-adhesive length i
.29 If one material is much softer than the other (Ei ≪ Ej), it will
bear the whole deformation, and we may simply write

=
W

Ei
ij

i (10)

Figure 3a illustrates how interfacial forces dominate at length
scales smaller than i (e.g., a material may undergo large
deformations in order to optimize these interactions), but the
opposite occurs at larger length scales. Taking as an example the
relatively large value Wij = 0.1 N/m2 and using the previously

quoted values for the elastic moduli, we find i = 0.1 mm (gel on
steel), 0.1 μm (rubber on steel), or <1 nm (plastic on steel).
The coupling between mechanical deformation and adhesion

can be described at the macroscopic scale using the JKR model,
named after Johnson, Kendall, and Roberts.30,31 Their seminal
work, which turned 50 this year, has been extremely useful to
experimentalists and spurred several theoretical studies.32 The
JKR model describes the behavior of two elastic spheres pressed
against each other under a mechanical force F. The work of
adhesion between the materials making up the spheres is W12.
The model generalizes a previous one by Hertz, who considered
the case of mechanical contact without adhesion (i.e., forW12 =
0).23 The main result of the JKR model is a closed analytical
expression for the radius a of the contact region between the
spheres. For simplicity, we give it here for the special case of an
elastic sphere (radius R, Young modulus E, and Poisson ratio ν)
pressed against a perfectly flat and rigid substrate (see Figure
3b). The expression for the contact radius can be derived from
the more general solution30 by taking the limit when the radius
of one sphere and the corresponding modulus both go to
infinity, and it is

ν π

π π

= − +

+ +

Ä
Ç
ÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑ

a
E

R F W R

W RF W R

3(1 )
4

3

6 (3 )

3
2

12

12 12
2

(11)

Equation 11 can be used to fit the measured contact radii a as a
function of the applied force F, thus providing the value of the

Figure 3. Coupling between interfacial energy and elastic deformation.
(a) Adhesion between a rigid substrate with characteristic length scaleR
(radius of the protrusions) and an adhesive with small or large elasto-
adhesive length scale . (b) Scheme of the Johnson−Kendall−Roberts
experiment, comparing the Hertz and JKR radii for a given applied force
F.
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work of adhesionW12 (or the surface free energy of solids, when
the two contacting materials are identical). Note that, for a given
applied force, the radius calculated from the JKR equation is
always larger than the one obtained in the absence of adhesive
forces (Hertz limit). Equation 11 can be rearranged to give the
contact radius at zero applied force:

π ν= − ∼ =
Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑ
i
k
jjj

y
{
zzz

a
R E

W
R R

F
9
2

(1 )
( 0)0

2
12

1/3 1/3

(12)

showing that the combined effect of surface forces and elasticity
does indeed depend on the relative values of the length scale
(eq 10) and the object size R. Note also that eq 11 admits
solutions also for negative values of the force, for F ≥ π− W R3

2 12 .

This limit value, known as adhesion or pull-of f force, is
independent of the elastic constants E and ν but depends on
the radius R and is usually presented as F/R to allow comparison
between different surface geometries. The application of the JKR
experiment to polymers, especially for elastomer adhesion
problems, was pioneered by Chaudhury33 and quickly adopted
by several other authors.34−36 An early overview of its strengths
and challenges (e.g., application to systems displaying hysteresis
and viscoelastic phenomena) was given by Tirrell.37

The Importance of Nonequilibrium Processes. So far,
we have assumed that the systems are at equilibrium and all
processes preserve thermodynamic reversibility at all times. For
example, in an experimental test of the JKR model, surface
attachment and detachment should occur so slowly that the
forces and radii measured during attachment and detachment
are identical. However, this is not usually the case, especially
when the elastic sphere is very soft and “sticky” on the substrate.
Similarly, contact angle measurements often depend on the
previous “history” of the sessile drop. In particular, it is often
necessary to distinguish between an advancing and a receding
contact angle, and these may differ by up to tens of degrees.14,15

All this points to the importance of irreversibility, hysteresis, and
energy dissipation. Far from being a nuisance, these phenomena
are in fact essential and can be exploited in order to ensure good
adhesion in a variety of practical situations.2,29

The practical work of adhesion measures the toughness of the
adhesive bond. It is obtained from the integral of the stress−
strain or force−displacement curve in a JKR-like experiment or
tack test during surface retraction. In the latter case, assuming
that the experiments consist of detaching materials i and j, it is
simply given by

∫Γ = −
*

v F D v D( , ) ( , , ) dij

D

ij
0 (13)

whereD is the surface separation distance and the integral of the
force Fij is extended up to the full breakup point D*, where the
force falls to zero. The minus sign depends on the fact that the
force is taken to be positive when the adherends are pressed
together (as in the previous discussion of the JKR experiment,
see the arrow in Figure 3). The dependence of the result on the
pulling velocity v = dD/dt and on the previous “history” of
the system (e.g., how it has been prepared, how long have the
materials been in and out of contact, and how many times) have
been explicitly indicated. In principle, one should have

= Γ→W vlim ( , )ij v ij0 (14)

but in practice, because of the presence of energy dissipation
phenomena, one often observes

Γ ≫v W( , )ij ij (15)

for all practically applicable velocities. In fact, practical works of
adhesion may be as large as 103−104 N/m, comparable with the
intrinsic toughness of rubber.9,38,39 These values imply a 100- or
even 1000-fold increase over the thermodynamic Wij’s.
In view of the predominance of dissipation for the strength of

adhesive bonds, it is important to develop some insight into its
physical origins. First, one should consider the viscoelasticity of
polymer materials.40−42 Considering for example a cyclic
elongational deformation at a frequency ω, the recorded stress
has both an in-phase and an out-of-phase component. These can
be combined within the complex viscoelastic modulus E*(ω) =
E′(ω) + iE″(ω). The fraction of mechanical work that is
dissipated as heat is given by tan[δ(ω)] = E″(ω)/E′(ω).
Viscoelastic dissipation is especially important at temperatures
close to the polymer’s glass transition temperature, which may
differ from its bulk value if the thickness of the adhesive layer is
of the order of tens of nanometers.19,20 Away from the glass
transition, viscoelastic dissipation is less relevant andmay almost
vanish if we consider wet adhesives (see below). Other
dissipation mechanisms may then take over, especially at large
deformations.

Polymer Interactions andDissipation at theMolecular
Scale. Mechanical strength and toughness are often, but not
always,43 found to be mutually exclusive in a polymer material.44

For example, increasing the strength or density of covalent
bonds in a homogeneous elastomer such as poly-
(dimethylsiloxane) (PDMS) creates a stiffer and stronger
polymer, but it also increases brittleness. Conversely, physical
bonds that can break and reform, such as chain entanglement
and hydrogen bonds, do not effectively increase elastic strength,
but allow the polymer material to flow and remodel under a
mechanical deformation, dissipating energy and slowing down
fracture propagation. Thus, optimizing adhesion requires a
balancedmix of different types of bonds and interactions, both at
the interfaces and within the adhesive layer (see Figure 2).
Excluding the ubiquitous viscoelasticity, the most important

dissipation mechanism is probably the breaking of structures
formed by the association of polymer segments via chemical
bonds and physical (noncovalent) interactions. These associa-
tions can be “cross-links” between different chains or non-
contiguous polymer segments of the same chain or can be
intrachain clusters of contiguous segments, possibly folded in a
defined domain structure (Figure 2). Examples of physical
associations that have been used to tune adhesion and energy
dissipation in polymer materials include electrostatic (charge−
charge) interactions, hydrogen bonds, clustering of hydrophilic
groups (within a nonpolar matrix or solvent), hydrophobic
interactions (within a polar matrix or water), metal coordination
bonds, cation−π interactions, and polypeptide β-sheet do-
mains.45−48 Given enough time, these interactions may reform
after breaking, thus restoring or “healing” the properties of the
polymer adhesive. Covalent bonds may also dissipate a lot of
energy, especially when they are part of a long polymer chain.49

Energy dissipation by chain scission is exploited also for the
toughening of “double” networks and gels.50−52 Once broken,
however, these chains are essentially lost as the resulting
radicalschain scission is usually homolytictend to undergo
further degradation reactions without recombining. Transition
metal coordination bonds have energies that are comparable to
those of covalent bonds but can reform after breaking.48 In the
special case of polymer-on-polymer adhesion, interfacial chain
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entanglements and the resulting pullout work can provide an
additional, important toughening mechanism (Figure 2).53 This
is effectively exploited in the assembly of automotive tires from
different rubber components41 and in hydrogel adhesion.12

■ MODELS FOR POLYMER ADHESION
Macromolecular and Continuum Models. In principle,

any theoretical or computational study of the mechanics and
interfacial properties of polymers might be relevant for adhesion
problems. Possible approaches include electronic structure
calculations, statistical mechanical theories, molecular and
mesoscale simulations, continuum mechanics, as well as
multiscale combinations of these methods. In order to
circumscribe the subject, we shall focus on models that attempt
to predict or describe the mechanical properties of polymer
adhesives, neglecting numerous studies of structural or
dynamical properties of adsorbed polymer layers, confined
films and interphases under equilibrium conditions. These
comprise, for example, changes in polymer conformation,
relaxation times, glass transition temperatures, and all phase
transitions under strong confinement, when the film thickness is
comparable to the chains’ radii of gyration.20,54−56 We also
exclude self-consistent field and density functional theories of
inhomogeneous soft matter systems, which are important for
modeling diffuse polymer−polymer interfaces.57,58 Similarly, we
will not discuss polyelectrolyte solutions, which play a key role in
underwater adhesion; the review by Muthukumar provides an
excellent starting point for the interested readers.59 On the other
hand, one feature that is common to all adhesion phenomena is
the possibility of scission of the polymer chains. We have already
emphasized that this is an important energy dissipation
mechanism. Chain breakup is important also for polymer
degradation and durability in the natural environment, which is
an increasing concern.60 Below we shall devote ample space to
this topic, as we expect it to become an area of significant activity
in the coming years, also from a modeling perspective.
The technological classification2 into structural, elastomer-

based, and thermoplastic adhesives is useful also from a
theoretical and modeling perspective. The elastomer-based
adhesives are soft and have a high degree of compliance, and
their elasticity is largely entropic.Many of their properties can be
understood in terms of generic coarse-grained models, rooted in
polymer physics.5,8 Hot-melt adhesives based on thermoplastic
polymers (polyolefins, polyamides, etc.) and thermosetting
resins (e.g., epoxide-based glues) present different theoretical
challenges. In these cases, the adhesive films have a large elastic
modulus and typically undergo small deformations, until they
break up. Stresses within these materials have a predominant
enthalpic component, which can be captured at the continuum
level by linear elasticity, essentially neglecting their (macro)-
molecular nature. At small length scales, they could be simulated
using atomistic molecular dynamics (MD). These simulations
are possible, but they are still challenging by today’s standards
(see The Role of Computer Simulations). One key point is that,
before computing the mechanical properties of an adhesive
layer, one must have a reasonable starting atomistic model for it.
This task is not trivial, if we consider the need to account for
polymer crystallization,61−64 the structure equilibration of
highly entangled polymers,65,66 the interactions and changes in
polymer conformation at interfaces,67 or the chemical reactions
among the starting monomer units (for the thermosetting resins
and cross-linked elastomers).68−70 Today, many modeling
studies of polymers involve the use of computer simulation.

However, before embarking on a discussion of current
challenges to simulations of polymer adhesion, we present
some general ideas arising from theoretical studies.
The effect of preparation conditions on the elastic properties

of adhesive polymer layers was modeled by Allegra and co-
workers.71 They developed an equilibrium statistical theory for
the shear and elongational moduli of adhesive polymer layers,
based on a lattice model of polymer chains forming some
covalent bonds with the confining surfaces. These lattice models
allow an exact evaluation of the chain partition functions,
treating volume interactions at a mean-field level, but accounting
for finite chain extensibility. They considered both the case of
monodisperse chains forming intersurface bridges (model A)
and the case of an infinite chain winding between the surfaces
(model B). In model B, the monomers in contact with the
surfaces are suddenly “frozen” to model the formation of
covalent bonds, in analogy with some theories of rubber
vulcanization.72 The theory predicts that both the elongational
and the shear moduli of the adhesive layer decay exponentially
with thickness. The former is always larger than the latter, but
their ratio converges to unity at increasing thicknesses,71 as
expected for Gaussian statistics.
The behavior at large deformations of soft, rubbery polymer

films is of interest for pressure-sensitive adhesives (PSAs).2,73 In
a tack test, the initial detachment of the polymer from the
substrate occurs by cavitation of interfacial voids or bubbles.
This point corresponds to a sharp maximum in the stress−strain
curves. The stress then drops, and there is a broad plateau in the
stress−strain curves, during which the polymer fibrils form and
stretch up to tens of times the initial film thickness, until
complete detachment.74,75 The viscous stretching of the fibrils is
an important energy-dissipation mechanism, bringing the
practical work of adhesion well above the thermodynamic
value. The polymer must be lightly cross-linked in order to have
some solid-like character, suppressing cohesive failure (within
the film) in favor of adhesive failure (at the interface with the
substrate).
Yamaguchi, Doi, and co-workers76,77 have developed over the

years a fairly comprehensive analytical model for the
deformation and breakup of PSAs in tack tests (see also the
recent related work by Huang et al.78). The most recent version
contains the equations for the expansion of the interfacial
cavities and their evolution into fibrils. A combination of
analytical and numerical solutions provided the full stress−strain
curves, which compare favorably with experiments despite some
simplifying assumptions. In the conclusions of their latest
paper,79 they explicitly discuss the main shortcoming of the
current theoretical model (the maximum in the stress is at
relatively small strains) as well as possible improvements to it,
such as adopting a nonlinear (visco)elastic constitutive equation
for the polymer, removing the assumption of equal size for all the
expanding cavities, accounting for the competition between
interfacial cavitation, external crack propagation, and bulk
cavitation.

Models of Chain Scission. One of the first discussions of
the effect of a pulling force on the rate of scission of polymer
chains is that of Kauzman and Eyring.80 In 1940, they attempted
to describe the effective viscosity of a sheared polymer film, in
which the chains are capable of forming bonds with the
confining surfaces and undergo scission when they are deformed
beyond their maximum extensibility. It was a bold attempt as
polymer science was still in its infancy1 and the first statistical
theories of rubber elasticity were just appearing.81 Kauzman and
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Eyring introduced the concept of force-tilted potential energy
curve (or, more generally, potential energy surface) for a
molecule or polymer chain:82

= − · −V VR R R R F R R( , ..., ) ( , ..., ) ( )F N N N1 0 1 1 (16)

where V0 is the unperturbed potential energy surface (Figure 4).

The force F is applied, in opposite directions, to the atoms at
the ends of the molecule, with coordinates R1 and RN (Figure 4,
inset). For a coarse-grained model of a chain molecule (e.g.,
beads on a string), it is possible to rewrite eq 16 as a sum of
individual bond potentials:

∑= { − · − }
=

−

+V V DR R F R R( , ..., ) ( ) ( )F N
i

N

i i i i1
1

1

0, 1
(17)

whereV0,i is the unperturbed potential for a single bond andDi =
∥Ri+1 − Ri∥ is its length). Since then the concept of force-tilted
potential energy curve has arisen in a variety of contexts83,84 and
underlies all current work on mechanochemistry, also known as
chemomechanics.85−87 This is depicted schematically in Figure
4, for the simple case of a single bond described by a Morse
function. It is now well-established that a force, with the right
orientation with respect to its points of application, can produce
“unusual” rearrangements within a molecule, opening new
reaction channels and synthetic pathways.88 Today, a great deal
of research in polymer mechanochemistry focuses on the
synthesis and application of new mechanophores, “weak” bonds
that promote chain scission reproducibly under the action of a
small force,89,90 or the design and application of fluorescent
probes of chain scission.91 However, unexpected and useful
mechanochemical features may also be embedded in conven-
tional polymers. One example is the force-induced cis-to-trans
isomerization of carbon−carbon double bonds.92,93 This may
play an important role in the toughening of poly(cis-1,4-
isoprene) (the main component of natural rubber), on top of
other well-known mechanisms such as strain-induced crystal-
lization.52,94

The “chemistry of bond breaking” has a special role within
polymers, because their applications as structural materials often
require an ability to withstand large mechanical forces and
deformations. Typically, covalent bonds break homolytically

under forces that are in the nanonewton range.We point out that
chain breakup may occur also in entangled polymer melts and in
solutions subject to strong extensional flows,95−97 a phenom-
enon that is well-known to polymer scientists but may come as a
surprise to physical chemists working on small molecules, where
covalent bonds are considered to be indestructible in
comparison with other interactions. An important early
contribution was that of Lake and Thomas,49 who developed a
model to describe the mechanical toughness of rubber
networks.52 Lake and Thomas measured threshold fracture
energies (i.e., at low deformation rates and high temperatures,
thus minimizing viscoelastic dissipation) Γ0 = 50 J/m2.
Multiplying this value by the typical cross-sectional area of
one chain, they concluded that the energy required to break one
chain in two is well above 350−400 kJ/mol, the typical
dissociation energy of C−C single bonds (UBDE). They reasoned
that, instead of being a constant derived from the type of bonds
making up the chain, the fracture energy of a chain should be
proportional to the number of its chemical bonds or to the
number N of statistical segments. [Kuhn segments of length b =
C∞l cos(θ/2), where l is the chemical bond length, θ the angle
between successive bonds, and C∞ Flory’s characteristic ratio.8]
This occurs because a large amount of work is employed to
stretch all bonds in the chain and bring them to a near-breaking
point. Eventually, only one of them will be broken, and all the
excess energy is dissipated as heat.
The Lake−Thomas argument applies both to the fracture of

bulk polymers and to adhesion problems, as shown in Figure 5. It

Figure 4. An unperturbed and a force-tilted potential energy curve for
the dissociation of a chemical bond. The axes are scaled by the
unperturbed equilibrium distance D0 and the bond dissociation energy
UBDE. The inset shows a polymer chain of N beads subject to a pair of
pulling forces.

Figure 5. Scheme of the fractures propagating (a) within a polymer or
(b) at the interface between a polymer and a rigid substrate.
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proceeds by considering a plane within the adhesive layer,
containing an initial flaw that expands as the fracture proceeds. If
Σ is the number density of chains crossing a unit surface, the
threshold fracture energy will be

Γ = ΣNUb0 (18)

assuming that all chains have the same length and contain a
single bond type. TheUb energy in eq 18was originally identified
with the unperturbed bond dissociation energy UBDE, but it
should be considered an adjustable parameter to take into
account the deformation of the bond potential energy produced
by the mechanical forces (see again Figure 4). In turn, in a
polymer melt or network in which the chains are unperturbed, Σ
∝ N−1/2. Hence, we have

Γ ∼ N Ub0
1/2

(19)

showing that the fracture energy increases with the square root
of the polymer molecular weight (or of the average molecular
weight between the chain entanglements or cross-links). We
stress again that eq 19 represents a lower limit on the fracture
energy, as a finite crack propagation rate would increase the
amount of energy dissipation.
Quantitative application of eqs 18 and 19 to the analysis of the

fracture energy of polymer networks and adhesives can be
difficult, because the structural heterogeneity which is typical of
these systems implies a broad distribution of N values.98 In
recent years, data from single-molecule force spectroscopy
experiments (AFM-FS, see the next section on experimental
characterization methods) have allowed a detailed comparison
with theoretical predictions.90,99 The force−elongation curves
obtained from these experiments can usually be fitted with a
modified freely jointed chain model:100

= − +
Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ
i
k
jjjjj

y
{
zzzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑ
i
k
jjjjj

y
{
zzzzzR L

F
F

F
F

F
F

coth 1
c

c

s
0

(20)

Here L0 = Nb is the nominal contour length of the chain, and Fc
is a characteristic “conformational” or entropic force (=kBT/b),
which typically is of the order of a few piconewtons. The second
term in eq 20 accounts for its enthalpic elasticity and includes a
characteristic “stretching” or enthalpic force Fs, which typically is
of the order of a few nanonewtons (comparable to the forces
capable of causing chain scission). The integral of the force−
elongation curves, from zero up to the scission distance (R*)

∫=
*

W F Rd
R

0 (21)

provides the energy stored within the chain at the breaking
point. Dividing this by the number of chain bonds,Wang et al.100

obtained a typical stored energy Ub ≈ 60 kJ/mol, substantially
smaller thanUBDE for a C−C bond. There is a subtlety in the last
step, because the Kuhn length obtained from fits of the stress−
elongation curves with eq 20 may differ appreciably from the
conventional Kuhn length, obtained from the unperturbed
mean-square end-to-end distance for the same polymer:

⟨ ⟩ = =R L b Nb2
0 0

2
(22)

In their paper, Wang et al.100 stress thatUb should be interpreted
as the energy difference between the minima of the force-tiled
and unperturbed potential energy curves, as depicted in Figure 4
(not the total activation energy for dissociation of the
unperturbed or force-tilted bonds). The fact that a relatively

small amount of mechanical work is so effective in producing
chain dissociation is surprising at first, but it can be justified by
recognizing that this work is effectively coupled to the reaction,
instead of being randomly distributed among the reactant’s
degrees of freedom.
Polymers are viscoelastic, due to the long relaxation times

associated with collective chain motions.5,40,101 This implies a
rate dependence in their mechanical response, which however is
neglected in most models of chain scission. One possible
justification, apart from the additional mathematical difficulties,
is that viscoelastic energy dissipation occurs within the bulk of
the polymer, away from the crack tip where chains are broken.102

Note that this view has been challenged by recent experiments
on the fracture of elastomers, showing that many scission events
actually occur within the bulk, hundreds of micrometers from
the crack tip.103 The effect of deformation rate was explicitly
taken into account by Chaudhury and co-workers, in order to
interpret their experiments on adhesion between poly-
(dimethylsiloxane) (PDMS) networks and functionalized glass
surfaces.104,105 They described the fracture at a polymer−
substrate interface with a kinetic model based on the force-
dependent rates for bond breaking and formation. Their model
builds on the early insights of Kauzman and Eyring80 and on
Schallamach’s model of rubber friction.106 It leads to the
following law for the fracture energy, including its dependence
on the velocity v of the opening crack, where we have used our
previous notation:
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Here, λ is an “activation length” (assumed to be constant, even
though the location of the transition state for bond dissociation
should depend on the strength of the applied force), and τ is a
characteristic relaxation time for the dissociation of a bond:
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where h is Planck’s constant and Ua is an activation energy,
which is treated as an adjustable parameter. The expression for
Γ(v) is consistent with that of Lake and Thomas, at least for the
prefactor giving the dependence of the fracture energy on the
chain length N (remembering that Σ ∝ N−1/2). Note that eq 23
predicts a logarithmic divergence in Γ(v) when v → 0, in
disagreement with eq 14, but this limit is never reached in
practice.
Experimental data by the same group104,105 on the rate-

dependent adhesion between PDMS and glass surfaces
characterized by different chemistries can be fitted according
to eq 23. The fits provide an estimate of the relaxation times τ
and hence of the activation energies Ua in eq 24. The relaxation
times depend on the type of interaction between the elastomer
and the substrate. The systems with only weak dispersion
interactions are characterized by low adhesion, with a virtually
rate-independent fracture energy. This implies a very small
relaxation time (τ ≃ 1 μs), with an effective chain length N = 1
because the broken “bonds” are those at the interface with the
substrate. When the surface chemistry implies stronger hydro-
gen bonding interactions, the relaxation times increase to 104−
1010 s, depending on the PDMS chain length N. This can be
interpreted as an indication that some chain scission occurs also
away from the interface, concurrently with the disruption of the
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interfacial hydrogen-bonding interactions. Finally, when the
polymer is chemically grafted to the glass surfaces, the relaxation
time increases to about 1013 s, implying an activation energyUa =
151 kJ/mol, which is smaller than the bond dissociation energy
of a Si−O bond (UBDE = 454 kJ/mol). There is a similarity with
the conclusion reached by Wang et al.100 on the Lake−Thomas
model, even though Ua and Ub represent different quantities.
With reference to Figure 4, the first one is the energy difference
between the transition state and theminimumon the force-tilted
curve, whereas the latter is the energy difference between the
minima of the force-tilted and the unperturbed curves.
It is well-known that the viscosity of the medium surrounding

the reactants can have an effect on the reaction rates, because it
affects their diffusion. This is not included in the transition-state
theory, which underlies eq 23, but it can bemodeled by Kramers’
rate theory.107,108 For the case of a single particle of mass m
undergoing one-dimensional Brownian motion in a potential
VF(x), the probability density P(x, v, t) that the particle is found
at position x with velocity v at time t satisfies the Kramers
equation:
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where γ is an effective friction coefficient, proportional to the
local viscosity η. According to the Stokes approximation, γ =
6πηa/m for a particle of radius a. VF′(x) is the gradient of the
potential energy, which depends on the applied force F. Steady-
state solutions to this one-dimensional problem can be obtained
analytically in the low-damping and large-damping limits,
respectively corresponding to small and large γ values, but also
numerically.109 Physically, the steady-state condition corre-
sponds to a situation where new bonds are constantly brought
into the stretched state and broken by a fracture propagating at
constant velocity. The rate can be identified with the flux j of
bonds that overcome the dissociation barrier (located at x = xb,
which depends on the applied force F), normalized by the total
number of bonds n before dissociation (neglecting the
reformation of bonds following dissociation):
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where the dependence on time has disappeared from P(x, v, t)
because of the steady-state assumption. Let us denote byω1 and
ω2 the angular frequencies describing the curvature of the
potential energy at the minimum and at the transition state [i.e.,

ω1 = ″V x m( )/F m and ω2 = − ″V x m( )/F b ]. Interpolating
between the rates obtained from the small- and large-damping
solutions to eq 25, the rate may be approximately written
as105,108
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(note that also theωi’s depend on F). In this expression, the term
outside the parentheses is the rate from transition state theory

[kTST(F)]. The prefactor is a correction depending on the
viscosity of the medium through γ. This can reduce kTST(F) by
up to 1 order of magnitude, both in the small-γ and in the large-γ
limits. Hence, it seems desirable to have a good estimate of the
effective viscosity of the chains undergoing scission. We point
out that a large fraction of the viscosity may arise from local
conformational effects, through the energetic barrier to
conformational transitions that occur at high deformation
rates (“internal viscosity”).110,111 PDMSthe polymer used in
the experiments by Chaudhury’s groupis very flexible and has
a small internal viscosity,112 so that the dynamics should not be
too different from that based on transition state theory.
Nonetheless, re-evaluation of the PDMS bond scission data
based on eq 27 leads to a new estimate of the activation energy,
at 216 kJ/mol instead of 151 kJ/mol (still significantly lower that
UBDE = 454 kJ/mol).105

A further refinement to the theory of chain scission in a
viscous medium follows by adopting the multidimensional
Kramers equation.113 In this case, the equation describes the
evolution of a multivariate probability distribution

{ }=P x v t( , , )i i i
N

1 , where N is the number of breakable links
within a chain.114,115 Within this framework, it is possible to
investigate the rate constants for breaking bond i under the
action of a force F [ki(F)] and the probabilities that the chain is
broken at a given bond [Pi(F)]. These should be related as
follows:116
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where the denominator is the overall rate of breakup (at any
bond):
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Ghosh et al.115 obtained analytical expressions for the rates and
probabilities and compared them with the results of MD
simulations for a coarse-grained chain model with a Morse
potential for each bond. When one end of the chain is tethered
to a fixed point (e.g., bonded to a rigid surface) and the other end
is subject to a constant pulling force, they found that the
probability of breakage increases monotonically from the
tethering point to the pulling point. When both ends are subject
to opposite pulling forces, the central bonds are less likely to
break than those at the ends, but this difference tends to vanish
when the pulling forces become weaker.117 The anharmonicity
of the bond potential and the bending stiffness are also
important, as they both tend to enhance the probability of chain
scission at the ends.118 Although this is clearly a highly simplified
model, there seems to be a lesson for more complex adhesion
problems. Other things being equal, when pulling on a film in
which the chains are chemically bonded to a rigid substrate, it
would be more likely to break the chain bonds away from the
substrate.
Further investigation of these issues is desirable, for example

with respect to the effect of local stereochemistry and torsional
barriers on bond scission. It is not clear if the main aspects of it
can be captured by coarse-grainedmodels, whichmay also admit
analytical solutions, or if it will be necessary to adopt fully
atomistic MD simulations. For example, it would be interesting
to compare the ultimate mechanical properties of single chains
with different tacticities, which can have very different
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conformational properties.119 The size of torsional barriers
affects the frictional forces between polymer surfaces,120 as was
shown by a model for the internal viscosity of the chains.121

Given sufficient statistics with a large number of independent
repetitions, nonequilibrium MD simulations of single-chain
stretching can also yield their free energy profiles through the
celebrated Jarzynski equality.122 The comparison between
single-molecule pulling experiments (AFM-FS) and MD
simulations is an area where we expect to see substantial work
in the future, aiming at a quantitative agreement both in
situations where there is simple unfolding of the polymer
conformations, and in those in which there is mechanochemical
activation and breaking of covalent bonds (see, for example, ref
123 and references therein). Computer simulations can be
applied also to the fracture and adhesive failure in many-chain
systems, and we turn to them in the following subsection.
The Role of Computer Simulations. Our discussion of

simulations will be largely restricted to the MD method. Its
unique advantage, which sets it apart from other theoretical and
computational approaches, is the possibility to deal with fast,
out-of-equilibrium, and nonlinear phenomena.124−126 These are
exactly the type of problems which arise in adhesion, especially
close to interfaces where local stresses and strains can be large,
mechanical energy is dissipated as heat, and chemical bonds
might be broken. Of course, it is important to be aware also of
the current limitations of the method. These are mainly
determined by the accessible time- and length-scales, the
required accuracy in representing chemical and physical
interactions among the atoms, and the treatment of the system’s
interaction with the environment. Below we discuss these issues
and present application examples from the recent literature. In
doing so, we will also identify areas where methodological
developments would make a significant difference.
First-principles MD simulations, which are based on on-the-

fly quantum mechanical calculations of the forces among the
atoms,127 require major computational resources. They can be
applied to virtually any chemical system, typically using versions
of density functional theory128 whose reliability has been
extensively tested and refined over the years. Because of progress
in hardware and software (see Kühne et al.,129 for example) they
can currently deal with systems containing 102−103 atoms, over
short time scales (well below 1 ns). Although this might appear
to be a severe limitation, these methods can be usefully applied
to the interaction of small molecules with model surfaces (e.g.,
catechol on hydrated silica)130,131 or to the force-induced
scission of short polymer chains.87,132 Such simulations can be of
interest in their own right, or as a way of validating the empirical
force fields that are applicable to much larger systems.133,134 We
also point out that, despite its many successes and popularity,
there should still be some interest in testing the performance of
density functional theory in the description of extreme bond-
breaking situations, using for example electronic structure
methods based on suitably correlated wave functions.135

Due to the cost of first-principles MD simulations, most
computational studies of polymer adhesion have been and will
be done with empirical potential energy functions. Today or in
the near future, for someone with “reasonable” access to
supercomputers or clusters with graphical processing units, it
should feasible to simulate in atomistic detail systems containing
up to 106 atoms (roughly equivalent to a volume of 104 nm3), for
time scales up to 10−6 s. The required computational power
scales linearly with the simulation time and, for systems without
long-range electrostatic interactions (e.g., hydrocarbons), also

with the system size.136 This means that longer simulations can
be traded for smaller system sizes, and vice versa. One important
stumbling block for atomistic MD simulations of adhesion
phenomena is the difficulty of producing realistic models of the
surfaces and the fact that the force fields for organic and
inorganic materials (e.g., the polymer and the substrate)may not
be compatible with each other.131 Luckily, the situation is
improving from this point of view; for example, see the work of
Emami et al.137 on silica surfaces, which has been employed to
derive a coarse-grained model for silica−rubber interfaces.138
The conventional atomistic force fields for polymers, organic
materials, and biomolecules139 are restricted to a fixed topology,
meaning that chemical bonds are assigned a priori and can
neither be broken nor formed during a simulation. Several
“reactive” force fields have been developed over the last 20 years,
wherein the potential energy functions depend on empirical
bond orders that are computed at every new atomic
configuration. The LAMMPS code136 allows simulations with
several reactive potentials, including ReaxFF,140 AIREBO,141

AIREBO-M,142 and COMB.143 These reactive force fields are
heavily parametrized, and they may be restricted to a few
elements. Their transferability to different thermodynamic
states is not guaranteed and should be checked on a case-by-
case basis. Even more recently, new impulse has come from
potential functions based on machine learning,144,145 leveraging
on extensive sets of curated ab initio electronic structure data.146

Of course, the power and additional flexibility of the newer force
fields comes at a price, so that simulations based on them are 1 or
2 orders of magnitude costlier than those with a conventional
one.147

As an example of relevant atomistic MD simulation, we
mention some recent work on structural adhesives based on
thermosetting resins. The critical step for the simulation of these
systems is the initial preparation of a tightly cross-linked
network, starting from the monomers.68 This step affects all the
thermophysical properties of the resulting models, such as the
glass transition temperature, thermal expansion coefficient,
elastic moduli, and yield stress. Even when using a reactive force
field148 or a hybrid quantum chemical model,149 the cross-
linking reaction cannot be simulated by “brute force” integration
of the MD equations of motion because of the extreme disparity
between the experimental and the computationally accessible
time scales. Rather, the cross-linking reactionmust be performed
by a combination of probabilistic bond creation and structure
relaxation steps.150−152 Once this is done, a simulation of
mechanical deformation with a reactive force field may describe
also the ultimate mechanical properties.153

Near-atomistic simulation of themechanics of a thermoplastic
semicrystalline polymer (polyethylene) has been carried out by
Rutledge and co-workers.64,154 These employed one united-
atom per CH2 group and excluded chain scission. Again, the
most critical part of these simulations is probably the initial
preparation of the system, with a correct distribution of the
chains among the crystalline and amorphous domains. This can
be achieved by special purpose Monte Carlo moves. The
subsequent simulations of the mechanical deformation high-
lighted plastic rearrangements, melting and recrystallization
within the crystalline domains, as well as the contribution of
entanglements to the mechanical properties of the amorphous
domains.64 Simulations of glassy polyethylene nanofibers were
originally intended to study the properties of electrospun
nanofibers, but they could equally apply to be fibrils that develop
in polymer fracture.154 These simulations demonstrated a
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significant dependence of the yield stress of the fiber diameter,
the typical values being approximately half of those of the bulk
amorphous polymer.
The adoption of coarse-grained models produces additional

gains over atomistic ones, by reducing the number of atoms and
by allowing longer time steps in the integration of the equations
of motion.155,156 The gains can be roughly quantified at 1 order
of magnitude, in both the accessible system size and time scales.
The potential parameters describing the interactions among the
coarse-grained units can be derived from those of the underlying
atomistic model, using criteria such as the reproduction of
certain structural features (e.g., distributions of bond lengths and
angles) or the potential of mean force between different groups
of atoms.157 In principle, it is also possible to combine atomistic
and coarse-grained models within the same simulation in an
adaptive way, keeping the atomisticor even quantum
mechanicaldetails only for the most critical parts of the
system, such as the interface or the regions subject to the largest
stresses.158,159 For aqueous systems, such as hydrogels and
adhesive proteins, another possible way of achieving higher
efficiency consists of the adoption of an implicit solvent model.
When studying the mechanics of adhesion, such as an aqueous
protein layer bridging to surfaces, in addition to “rescaling” the
nonbonded interactions among the solute atoms139 it seems
important to account properly also for hydrodynamic effects,
because the solvent can be quite literally “sucked in” and
“squeezed out” by the motion of the surfaces. The Lattice
Boltzmann method is a good candidate for this purpose.160

More generally, the simulation of adhesion problems should
benefit from the development of ways of coupling the molecular
scale with the macroscopic one, for example through concurrent
MD and finite-element simulations.161,162 These methods are
typical examples of multiscale approaches, but they may be
viewed also as generalizations and improvements of the
thermostats and barostats that are used in conventional
equilibrium and nonequilibrium MD simulations.124−126

The dynamics of a coarse-grained model is usually faster than
that of the underlying atomistic one, reflecting a smoother
potential energy landscape.163 This is usually considered an
advantage, as is leads to faster relaxation (of the stress, the end-
to-end distance of the chains, etc.) and to improved sampling of
the system’s configurations, but it might be a disadvantage if the
aim is to probe the nonequilibrium response to a perturbation,
such as a mechanical deformation. The possibility of recovering
reliable dynamical and mechanical properties from coarse-
grained simulations is not yet fully established and should be
pursued also in connection to adhesion problems. One recent
encouraging example comes from the application of the “energy
renormalization” coarse-graining approach to a biomimetic
copolymer adhesive, poly(catechol-styrene).164 One specific
feature of this method is that the nonbonded potentials are
allowed to be temperature-dependent, to compensate for the
loss in microscopic degrees of freedom implicit in coarse-
graining. This allowed the authors to reproduce the dependence
of both dynamical and mechanical properties of the underlying
atomistic model (diffusion coefficients, segmental relaxation,
elastic moduli, etc.) over a broad range of temperatures and
compositions (100−500 K and 0−50% in cathecol content).
The adhesive properties to a substrate, which depend also on the
interfacial free energies, were not tested, but presumably they
will be in the near future. Note that this model does not allow
bond breaking. Instead, a coarse-grained model for epoxy resins
incorporating the possibility of bond breaking was developed by

Yang et al.,165 building on previous work by Tsige and
Stevens.166 In this case, the coarse-grained potentials were not
derived from atomistic simulation but were obtained by direct
comparison of the calculated thermophysical properties with
target experimental values. The model allowed large-scale MD
simulations of the tensile behavior and failure of the resin.167

The results are encouraging but, to our knowledge, there is still
no established criterion for deriving the bond scission
parameters of a coarse-grained model from atomisticpossibly
quantum mechanicalsimulations. Whether this can be
achieved is an open question.
Several interesting computational studies of polymer

adhesion have been carried out with modifications of the
Kremer−Grest (KG) bead-and-spring model.169 This is a
physics-based coarse-grained model, which does not attempt
to reproduce the properties of any specific polymer, although it
can be mapped onto a wide selection of commodity polymers in
a way that reproduces some of their large-scale properties in the
molten state (e.g., the Kuhn and packing lengths) after inclusion
of a bond-bending term.170 With additional interchain bonds
that mimic vulcanization, it has been used extensively to test
statistical theories of rubber networks,8,98,171 including their
aging172 and their mechanical reinforcement by solid nano-
particles.173,174 Note that neither the original nor the modified
versions of KG can be applied “as such” to simulate adhesion.
The main reason is that the bead−bead interactions are
represented by a truncated variant of the Lennard-Jones
potential that renders them purely repulsive. This can easily
be fixed by including the attractive tail of the Lennard-Jones
potential.175 Once this is done, the KG model exhibits also a
glass-transition temperature, but it does not undergo crystal-
lization because of the high chain flexibility.55 Another
important feature of the original KG model is the fact that
bonds have a finite extensibility, designed to preserve interchain
entanglements.169 Bonds described by these potentials can
never be broken, unless they are explicitly “instructed” to do so
(by special purpose Monte Carlo moves, for example).172 In
some cases, the original bond potentials were used as such in
simulations of the mechanical deformation of adhesives, thus
preventing the possibility of chain scission.168,176−180 This
possibility was introduced in the form of a quartic potential with
a bond-breaking barrier approximately equal to 20ε, where ε is
the energy of the nonbonded Lennard-Jones interactions.181

This model was used to simulate the interfacial fracture of
polymer networks on solid surfaces,181 the competition between
chain pullout and scission at adhesive polymer interfaces,182,183

and the fracture of polymer networks and gels.184,185 A similar
model was used in Monte Carlo simulations of dissipation and
elastic recovery in networks containing sacrificial but healable
bonds, subject to cyclic loading.186 Last but not least, we
mention our own work on polymers between chemically
heterogeneous surfaces, which highlighted a systematic depend-
ence of the equilibrium dynamics and the adhesive forces on the
morphology of the surfaces (see Figure 6).168,180

Coarse-grained bead-and-spring models were used exten-
sively and very effectively by Robbins and co-workers, not just
for polymer fracture and adhesion problems, but also for gaining
physical insights into contact mechanics, friction, lubrication
and wear.176,183,187−192 These studies can still be an inspiration
for future work in this area, aiming for example at replicating
them with more realistic atomistic models.

Surface Roughness and Textures. All solid materials,
including polymers, show some surface roughness, and this is
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known to have a strong effect on adhesion. On the one hand,
polymer adhesives that are applied as fluids before curing adhere
more strongly to rough surfaces after curing, because the true
area of a rough surface is larger than its nominal (projected) area.
On the other hand, roughness frustrates adhesion between
elastic materials by reducing their real contact area Ac to a small
fraction of the apparent (or projected) contact area Aa. This is
the main reason why adhesion is rarely observed for hard
polymers,28 whereas softer polymers that are able to conform to
surface asperities show an increased adhesion. For example, a
root-mean-square roughness as small as one nanometer
significantly reduces the adhesion of glassy polymers such as
polystyrene, particularly in shear adhesion tests (see also Figure
7a below). A roughness of just a few nanometers is sufficient to
remove adhesion for relatively stiff cross-linked elasto-
mers,193,194 whereas a few micormeters are necessary to reduce
by 1 order of magnitude the adhesion of soft rubbers and gels.195

Early theories assumed that roughness could be described as a
surface distribution of round asperities with an average radius of
curvature and different heights, progressively coming into
contact as the applied normal load increases.195−197 Theoretical
predictions were expressed as a function of statistical quantifiers
such as the root-mean-square roughness and average radius and
slope of the surface asperities. Although such models are still
used to study particular types of roughness, elasticity, adhesive
interfaces, and load conditions, their applicability is inherently
limited. The critical point is that most natural and engineering
materials display a multiscale surface topography that is not
captured by simple asperity models. Namely, roughness is
characterized by the power density spectrum of the surface
topography, such that the amplitude h of the roughness
component with wavelength λ decays as λ decreases toward
the nanoscale, often following the typical power-law decay of
self-affine (fractal) structures.28,198,199 This topography is better
described as small asperities added onto large asperities, which
are on top of even larger asperities, and so on. Conventional
statistical quantifiers show a dependency on the scale and
resolution of the measuring technique and therefore do not
correctly characterize the topography.199 Adhesion theories
have evolved to incorporate approximate models with fractal
roughness.199,200 Roughness, however, can take many different
forms, some of which are irreducible to a single number or fractal
exponent.28 It is only recently that Persson and collaborators
have developed a comprehensive continuum mechanics theory,
allowing quantitative calculations of adhesive forces as a
function of experimental roughness spectra with arbitrary
complexity.201−204 Achieving complete (conformal) contact
between two rough elastic materials requires deforming at least
one of the materials and storing elastic energy near the contact
interface. Therefore, complete contact is obtained when the gain
in adhesive energy exceeds the stored elastic energy, or the
materials are pushed against each other under a sufficiently large
normal load. For a soft material in contact with a hard rough
surface under zero applied load, the theory provides a scale-
dependent criterion for complete contact: h/λ≤ ( /λ)1/2, where
is the elasto-adhesive length (eq 10). For fractal rough surfaces,
this criterion implies that complete contact occurs up to a

Figure 6. Coarse-grained simulations of the deformation and breakup
of a rubbery polymer film between two chemically heterogeneous
surfaces. The strain values (ϵzz, see eq 6) are reported next to each
snapshot. The upper surface has been deleted for clarity. Reproduced
with permission from ref 168. Copyright 2021 American Chemical
Society.

Figure 7.Mechanical tests for measuring the adhesion and mechanical properties of a polymer material at the macroscopic scale. The adherend can be
made of the same material as the adhesive to study cohesion.
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maximum wavelength. Roughness components with larger
wavelengths create taller surface peaks and deeper valleys, and
the soft material covers these peaks without filling the valleys. In
parallel with theoretical developments, calculations of the total
contact area Ac as a function of the normal force F, multiscale
structure of the contact interface, stress distribution over the
contact area, and role of plastic versus elastic deformation have
become feasible.205−208

Accurate roughness measurements can now be obtained
combining multiple topographic techniques with different
resolutions, such as optical and stylus profilometries and atomic
force (AFM) and electron microscopies.209,210 On the other
hand, measuring Ac as a function of F (e.g., by electrical and
thermal contact resistivity measurements) and resolving in situ
its multiscale structure with optical microscopy, fluorescent
markers, interferometry, and acoustic waves is an ongoing
challenge, not least because the contact area is buried beneath
solid materials and therefore inaccessible to most high-
resolution imaging techniques (see also Buried Polymer
Interfaces).200,211,212 Understanding roughness effects on
adhesion, sealing, friction, and wear is a lively research area,
where experiments and theory are rapidly converging. For
example, Dhinojawala and co-workers recently measured the
adhesion force of a PDMS elastomer on diamond surfaces with
different roughness, showing a good agreement with the force
calculated using Persson’s theory of rough surface adhesion.210

We hope to see more comprehensive studies of this sort in the
future, extending the comparison of theory, simulations, and
experiment to situations with high-energy, strongly interacting
interfaces. Current microfabrication techniques allow the
production of surface textures and topographic patterns with
submicrometer resolution, which can be used to engineer
surfaces with tailored adhesive properties. Notably, a growing
research effort is aimed at replicating the efficient reversible
adhesion obtained on dry surfaces by biological organisms such
as the gecko, relying on a hierarchical multiscale organization of
surface protrusions.213−215

Multiscale Characterization of Polymer Adhesion. The
experimental study of polymer adhesion extends over multiple
length and time scales, mirroring the theoretical investigations.
While the macroscopic aspects of polymer adhesion can be
measured with relatively simple experimental techniques, the
characterization of polymer interactions at the molecular and
submolecular scale calls for advanced experimental techniques
that are at the cutting edge of current nanotechnology.
At the macroscopic scale, the adhesive performance of a

polymer material can be evaluated using standardized
mechanical tests such as the lap shear test, tensile “tack” tests,
and peel test (Figure 7a−c). The International Organization for
Standardization (www.iso.org) and American Society for
Testing and Materials (www.astm.org) provide measurement
guidelines and protocols for a variety of polymer materials and
applications. These methods quantify the resistance of an
adhesive film as a mechanical force that varies as a function of
material deformation. The force generated by the material is
opposed to the deformation and decreases rapidly. The
mechanical test typically addresses different macroscopic
properties of the polymer material. Namely, linear elasticity,
nonreversible plastic deformation, and failure are obtained by
continuously increasing the amount of deformation, providing
measurements of the elastic constants (see again eq 5), strength
(yield point), and toughness (fracture resistance).

Despite their practical usefulness, the standardized tests have
a limited ability to investigate polymer adhesion at the
microscopic scale. The sample dimensions and mechanical
testing devices typically are much larger than the size of a
polymer molecule, which ranges from 1 to 100 nm. For example,
the thickness of the polymer film typically exceeds 100 μm, and
sample deformations are resolved at a length scale of a few
micrometers at best. Therefore, the standard tests probe the
mechanical response of large sample volumes, extended
interface areas, and large numbers of polymer molecules,
providing a macroscopic average of the different forces
generated by the various molecular structures and mechanisms
in the polymer film (Figure 2). In particular, it is difficult to
discriminate between adhesive polymer interactions at the
interface with the adherent and cohesive interactions between
polymer molecules.

Nanoscale Force Measurements. Since the end of the
1970s, a few experimental techniques have appeared that are
able to directly measure the nanoscale deformations and small
forces generated by polymer monolayers and even single
molecules, namely, the surface forces apparatus (SFA),216

AFM with force spectroscopy (AFM-FS),90,217 optical tweez-
ers,218−220 and magnetic tweezers.219 The measured force F
originates from a single contact point between two solid surfaces
shaped as crossed cylinders (SFA), a sphere and a plane (AFM),
or two spheres (optical and magnetic tweezers). In all cases, the
surface geometry around the contact point is or can be
approximated as a sphere of radius R (more generally, an
ellipsoid) at a separation distance D from a plane (see Figure 7d
and the JKR geometry in Figure 3b). Adhesion is typically
measured by approaching and then retracting the surfaces. This
geometry eliminates the uncertainty on the number and
curvature of contact points that affects the interpretation of
adhesion measurements on planar films and surfaces (see the
tensile test in Figure 7b and compare it with Figure 3a).
SFA and AFM-FS are the most widely used of the previous

techniques. One surface is attached to a rigid support, while the
other is attached to the free end of an elastic cantilever of known
elastic constant k, whose fixed end is displaced using precision
actuators at a known speed u. SFA and AFM-FS are
complementary in terms of the number of probed molecules,
time scales, and force sensitivity.
In the SFA, the crossed cylinders have radius R = 1−2 cm.

When pressed against each other, they create a circular contact
area with a diameter exceeding the size of a polymer chain,
thereby probing the mechanical response of a large number of
them. The cylinders usually are made of smooth cleaved
muscovite mica or noble metals (possibly stripped from a mica
template to reduce roughness). The surface can be modified, for
example, by exposure to reactive plasma or by coating with a self-
assembled monolayer, to tune chemical−physical properties
such as surface charge, polarity, and roughness. The polymer is
deposited on one of the surfaces to measure the adhesion force
with the other surface, or on both surfaces to measure the
polymer cohesion force. Near-equilibrium testing conditions are
obtained by displacing the SFA surfaces at slow uniform speeds u
of a few nm/s or in a step-like motion, allowing up to a few hours
for relaxation. The distance D is directly measured with a
resolution better than 1 nm using an optical interference
technique,221 while force variations ΔF are determined with a
sensitivity of 0.1 μN.
The SFA played a pivotal role in the study of polymer

interactions in the 1980s, providing the first direct measurement
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of the surface forces generated by polymer monolayers.222 SFA
experiments on adsorbed layers of homopolymers222−226 and
brush-like layers of grafted diblock (AB)227−230 and triblock
(ABA)231,232 copolymer have helped establish the current
understanding of polymer nanomechanics and technologies to
control surface and colloidal interactions. In particular, colloidal
dispersions are often stabilized against flocculation by coating
the colloid particles with an antiadhesive polymer layer that
generates a repulsive osmotic force at contact with another
particle.15 Yet, SFA experiments proved that in some cases an
adsorbed polymer molecule can also bind to the surface of
another particle, creating an adhesive polymer “bridge” (Figure
2).224,225 Another example is provided by mucin glycoproteins
that coat, lubricate, and protect many surfaces of the human
body, including the oral cavity, gastro-intestinal and reproduc-
tive tracts, and articular joints. Mucins have a telechelic ABA
structure, where the B block is densely coated with charged and
hydrophilic sugar providing an antiadhesive function, whereas
the A blocks can bind to each other and to the underlying tissue.
Mucins can form dense brushes by attaching to a solid substrate
with both A blocks, forming “loops”, or one block, forming
“tails” (Figure 2), preventing adhesion in both cases. Yet, when
the mucin lubricin was allowed to attach its A domains to both
surfaces of the SFA simultaneously, the bridging produced
strong and tough adhesion.233 Although bridging may
destabilize the antiadhesive properties of polymer coatings, it
also gives an interesting parameter for tuning and actively
controlling surface interactions. In this respect, it is revealing
that bridging interactions play an important role in cell
recognition and adhesion.234−236 Cells are indeed biological
“colloids” that use membrane-tethered proteins to interact with
other cells and attach specific ligands to their membrane.
The focus of SFA studies has gradually shifted toward charged

water-compatible polymers such as polyelectrolytes, polysac-
charides, and proteins, which are one level of complexity above
neutral homopolymers and block copolymers and are of great
interest for medical, biomimetic, and environmentally friendly
applications. Brush-like films of end-tethered polyelectrolytes
have been extensively studied for their ability to reduce surface
adhesion and friction in aqueous solutions.237−240 Charged
polyelectrolytes, however, can also generate adhesion at contact
with oppositely charged surfaces241 and switch from repulsion to
adhesion in response to changes in ionic composition242,243

The SFA has been a key experimental tool to elucidate the
underwater adhesion provided by proteins of aquatic organisms
and replicated with bioinspired synthetic polymers, discussed in
the last section of this Perspective.
Single-Molecule Mechanics. In the AFM-FS technique, a

force-sensing probe is attached to the end of a microfabricated
cantilever with a known elastic constant in the range of 0.01−1.0
N/m.217 A laser beam is typically used to detect subnanometer
cantilever deflections, corresponding to mechanical forces in the
range of 10−1000 pN.90 The cantilever can reach very large
speeds, u > 100 nm/s (Figure 7), while the data acquisition rate
typically exceeds 1 kHz. Therefore, AFM-FS is more suited than
SFA to study force generation in fast dynamical regimes. On the
other hand, static force measurements are difficult to obtain,
because the surface distance D (Figure 7d) is subject to thermal
and mechanical drifts that cannot be directly measured. The
AFM probe generally is the rounded tip of a microfabricated
cone or pyramid with a typical end radius R of about 10 nm.217

The radius can be increased up to a few hundred micrometers by
attaching a colloidal sphere to the end of the force-measuring

cantilever.244 The diameter of the contact area between the
colloidal probe and the surface is much smaller than in the SFA.
In both cases, however, the contact area is much larger than the
size of a single polymer, and force measurements on polymer
films and interfaces probe the collective mechanical response of
a large number of polymer molecules.
Although colloidal-probe AFM-FS considerably expands the

force sensitivity, speed, and range of materials that can be tested
compared to the SFA, the mechanisms of force generation are
essentially the same. Readers interested in colloidal probe AFM-
FS will find an excellent review in ref 217. Here we highlight that
AFM-FS is able to probe the mechanical response of one
polymer chain and even single molecular bonds, gaining a
fundamentally different perspective on polymer mechanics. The
chain is typically stretched using a sharp nanoscale AFM tip. The
chain is a portion of polymer molecule that bridges the probe
and surface and generates an attractive force when stretched
(Figure 2). The typical force sensitivity of the AFM cantilever is
of the order of 10 pN and is comparable to the average force
acting on a chain in a highly stretched polymer.90 Although
optical and magnetic tweezers provide a better force sensitivity,
the AFMoffers the key advantages that the polymer morphology
can be imaged with subnanometer resolution before and after
force measurement, and the polymer environment can be
changed from gas or vacuum to a liquid solvent. Single-molecule
FS has been reviewed many times,90,245−247 and here we have
selected a few key results.
Single-molecule AFM-FS experiments are able to test the

elasticity of a single chain, i.e., the force necessary to keep two
units of the same chain at a certain distance. The force−distance
relationship is nonlinear and can be fitted with a modified
version of one of the classical models of chain elasticity, such as
the freely rotating chain, freely jointed chain, or worm-like
chain.8 The modified models include the enthalpic elasticity of
small deformations of bond length and bond angle caused by
strong chain elongations (e.g., see eq 20) and can be obtained
with ab initio quantummechanical calculations in vacuum. They
can be fitted to experimental force−distance curves obtained in
nonpolar solvents for broad classes of polymers that can be
classified according to their backbone: simple C−C backbone
such as poly(ethylene) and poly(styrene);248 C−C−O back-
bone such as poly(ethylene glycol); polysaccharides with rigid
sugar units, such as cellulose, amylose, or chitosan;249 single-
stranded DNA;250 proteins and polypeptides.251 Perhaps less
intuitively, the steric hindrance between side groups of moderate
size, such as the aromatic rings of polystyrene or residues in
proteins, have a negligible effect on chain mechanics in nonpolar
solvents.90 On the other hand, water deeply affects the single-
chain mechanics of both hydrophilic polymers, such as PEG or
single-stranded DNA, and hydrophobic polymers such as PS. In
particular, hydrophilic polymers appear stiffer in water, because
an additional energy of the order kBT per unit segment is
required to rearrange water molecules around the polymer chain
during elongation.90

Single-molecule FS is uniquely suited to study chain scission
and, in general, structural transitions in stretched polymer
molecules. Classical examples include antibody−antigen252 and
ligand−receptor complexes,253 as well as covalent bonds.254

Both the energetics and kinetics of the transition (and its
inverse) contribute to the mechanical response and can be
characterized by modeling the protein domain as a two-state
system, as in Bell−Evans theory.83,84,255,256
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In particular, AFM-FS has been used to quantify surface
bonds formed by specific moieties used in polymer adhesives.
Two examples are the uncommon aromatic amino acid
dihydroxyphenylalanine (Dopa),255 used by mussels to bind
proteins to a variety of surfaces (see Figure 8 and Wet Polymer
Adhesives),46,257 and the short amino acid sequences containing
the anionic phosphorylated serine, which is common in calcium-
binding adhesive proteins found in mineralized human tissues
such as bone. Moreover, single-molecule AFM-FS has been
extensively used to characterize the force-induced unfolding of
protein domains.245,247 In addition to their relevance for protein
biochemistry, these processes provide an effective way to
repeatedly dissipate large amounts of energy in polymer
adhesives (Figure 2).258−261

Structural transitions have been observed also in non-
biological polymers.90 One striking example is the cis-to-trans
isomerization in chains comprising carbon−carbon double
bonds within the backbone.92,93 Complementary to force-
induced transitions, forces can be generated by a single chain
and measured by AFM-FS in response to external non-
mechanical stimuli. A particularly vivid example is provided by
polymers with an azobenzene backbone that can be switched to
a trans or cis state by irradiation with visible or UV light,
respectively. Light-induced trans-to-cis isomerization shortens
the polymer chain length and was used to convert the photon
energy into mechanical work in a single polymer chain.262

As the knowledge of single-chain mechanics improves, the
rational bottom-up design of polymer materials appears
increasingly at hand. For example, Wu et al.263 have produced
hydrogels that are stiff but weak (brittle), soft but strong (highly
stretchable) with low toughness, or strong and tough based on a
common design principle. Namely, they connected folded

polymer chains using physical cross-links and could tune the
hydrogel’s mechanical properties by varying the critical force
needed to unfold one domain or break one cross-link.

Buried Polymer Interfaces. Consider a polymer that
contains an isolated adsorbing moiety, say A, within a
nonadsorbing chain B (Figure 2). The work of adhesion
depends on the strength and surface density of the adhesive
bonds between A and the surface. The density correlates with
the bond strength; that is, stronger bonds are expected to
produce a more abundant adsorption of A. On the other hand,
the surface density also correlates with the mobility of A within
the polymer, depending on the elasticity and dynamics of the
nonadsorbing chain B. In this complex scenario, it is difficult to
predict how many adhesive bonds will spontaneous appear
because of adsorption or how many more will be formed by
applying an external force and compressing the polymer against
the surface. This general argument can be translated to the
specific case of mussel adhesive proteins. These contain the
Dopa moiety, showing a strong affinity for a variety of surfaces
underwater.46 However, mussel adhesive proteins adsorbed on a
solid substrate do not always create adhesion at contact with
another surface, even though they contain large amounts of
Dopa.264 The reason is that Dopa becomes strongly attached to
the substrate during adsorption and there is no obvious free
energy incentive for transferring Dopa onto another surface
during contact. Even if there is an incentive, the mobility of
Dopa in an adsorbed protein layer can be too low and the
transfer time too long to produce significant adhesion.241

The previous example illustrates the challenge of the
connecting molecular-scale processes to adhesion measure-
ments. When the adhesive polymer has a heterogeneous
composition, such as a protein or block copolymer, the adhesion

Figure 8. Physical interactions involving the amino acid Dopa, obtained by hydroxylation of tyrosine, and covalent bonds formed after oxidation of the
hydroquinone moiety into quinone.
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depends on the distribution of the different polymer residues at
the interface with the adherend. Not only is this distribution
difficult to predict, but the experimental study of the interface is
challenging, because it is “buried” between two condensed
materials.
Many techniques have been used to characterize polymer

interfaces in situ, including ellipsometry, scanning probe
microscopy (AFM, scanning tunneling microscopy (STM)),
electron microscopy (scanning electron microscopy (SEM),
transmission electron microscopy (TEM)), X-ray photo-
emission (XPS), secondary ion mass spectroscopy (SIMS),
and various others. For a review, the reader can refer to refs 265
and 266. Only a few techniques, however, are able to assess the
binding of specific residues at the interface between a polymer
adhesive and an adherend. The main obstacle to common
surface spectroscopies is that the materials at either side of the
interface interact strongly with beams of electrons, ions,
neutrons, and X-rays. This produces a background signal
much stronger than the one coming from the interface,
complicating the data analysis. Moreover, many techniques
require placing the sample in vacuum or low-pressure gases to
have a free path for the input probe and output signal to reach
the sample and detector, respectively. In comparison, the
interaction of optical photons with condensed materials is much
weaker and allows studying transparent and reflective polymer−
liquid, polymer−solid, and polymer−polymer interfaces.
A common approach to enhancing the surface sensitivity of

optical spectroscopies is to place the sample in the evanescent
wave created by total internal reflection at the interface between
two transparent materials with different optical indices, such as
water and high-optical index glass. Because the evanescent wave
decays exponentially as a function of the distance from the
interface, the measurements average the contributions of
polymer residues that are at distances from the interface smaller
than the decay length. For example, attenuated total reflection
infrared spectroscopy (ATR-IR) has been used to study the
displacement of water molecules and adsorption of Dopa
residues at the interface between green mussel adhesive proteins
and a TiO2 substrate

267 and solvent uptake by a surface-grafted
polymer brush.268 Moreover, ATR-Raman was used to localize
polystyrene−polycarbonate interfaces in a polymer stack, with a
resolution of tens of nanometers.269 The decay length of the
evanescent wave, however, exceeds 100 nm and limits the
resolution of ATR spectroscopies.265,266 Another common
approach to surface-sensitive optical spectroscopy is to place
the sample in the electromagnetic field of a surface plasmon
resonance at a metal surface. The resonance produces a
nonradiative electromagnetic surface wave that propagates in a
direction parallel to the metal surface and is very sensitive to any
change of the boundary properties, such as variations of optical
index due to molecule adsorption. Surface-enhanced fluores-
cence (SEF) and Raman spectroscopy (SERS) have been used
to reveal the surface binding of specific polymer molecules to
metal surfaces and the electrochemistry of adsorption and
desorption as a function of the metal electrode potential,
relevant to the long-term stability of polymer adhesives in
corrosive environments.270 SEF and SERS, however, not only
are limited to the study of polymer−metal interfaces, but their
sensitivity also depends on the morphology of the metal surface.
Indeed, surface plasmon resonance is enhanced near the
nanoscale asperities of roughened surfaces, nanofabricated
tips, or metal nanoparticles at the interface with a polymer.

Because of these specificities, SEF and SERS have found only
limited applications in polymer adhesion.
Sum frequency generation (SFG) is a type of optical

vibrational spectroscopy with unique capabilities for the
characterization of solid−air, solid−liquid, and solid−solid
interfaces. Excellent reviews on SFG studies on buried polymer
interfaces can be found in refs 271−276. SFG is based on a
nonlinear optical process in which two input laser beams with
frequencies ω1 and ω2 mix in a medium and generate an output
beam with frequency ω1 + ω2. The process requires a nonzero
second-order dielectric susceptibility χijk, which is a statistical
average of the molecular hyper-polarizabilities αijk and depends
on molecular order (the ijk indices indicate a third-rank tensor).
The susceptibility χijk is zero and SFG is forbidden in
centrosymmetric materials, including most polymers and solids.
Interfaces, however, break the inversion symmetry and can
generate an SFG output signal. If either one or both frequencies
ω1 and ω1 are scanned over surface resonances, SFG is
resonantly enhanced, thus producing a spectrum characteristic
of the surface. This method not only can differentiate chemical
species according to their spectroscopic signature but also
reveals the orientation of chemical species at the interface via
beam polarization analysis and can dynamically resolve the
changes in surface composition and structure induced by
oxidation, chemical reactions, adsorption, and surface treat-
ments such as exposure to solvents, plasma, solvent, and UV. For
example, SFG was able to detect the alignment of aromatic rings
on a polystyrene surface caused by mechanical rubbing (a
method commonly used to align liquid crystals in display
technology).277 The composition and molecular order of
interfaces between common polymer adhesives, such as epoxies
and silicones, and glass, metals, oxides, and other polymers has
been extensively studied in air276 and can be directly related to
adhesion strength by combining SFG with a JKR apparatus
(Figure 3b).278 SFG studies have focused less frequently on
polymer−solid interfaces in liquids, where adhesion and friction
critically depend on molecular layers of interstitial liquid,
particularly in water.278−280 The interest in “wet” polymer−solid
interfaces, however, is rapidly growing due to recent advances in
the understanding and biomimetic synthetic replication of
biological adhesives (see the next section). Myers et al.281 have
related the diffusion of water molecules into epoxy/glass or
epoxy/plastic interfaces to a decrease of adhesion. Chen,
Wilkers, and co-workers have studied the surface binding of
Dopa in mussel foot proteins.282,283 Dhinojwala and co-workers
have used SFG to correlate adhesion with the interfacial
distribution of surface-bound water molecules and cross-
interface molecular bounds for hydrophobic and hydrophilic
surfaces, and glass and sapphire surfaces in contact with
aggregate spider glue284 and Dopa-based biomimetic adhe-
sives.285,286 Due to its unique surface sensitivity, SFG will likely
increase in popularity among researchers working on novel
polymer adhesives that contain specific surface-binding or cross-
linking residues such as Dopa, particularly for applications in wet
environments.

Wet Polymer Adhesives. Common polymers adhere
poorly in moist conditions and underwater, particularly on
strongly hydrophilic surfaces, such as metals and glass, and
hydrated materials, such as clays, hydrogels, and biological
tissues. In general, a condensed fluid like water interferes with
the macroscopic adhesion of two materials, say 1 and 2,
compared to a gas medium or vacuum. Indeed, while the work of
adhesion is W12 > 0 in the latter case (eq 3), meaning that the
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two materials always adhere to each other, the work of adhesion
in a fluid 3 is given by15

= − − +W W W W W132 12 13 23 33 (30)

The materials adhere to or are repelled by each other depending
on the sign of W132. On hydrophilic polar surfaces, W23 is
comparable or larger than W33 = 2γ3 (see eq 2), and therefore,
the work of adhesion in water is reduced: W123 < W12. For
example, epoxy adheres strongly to aluminum in air or vacuum,
with a work of adhesionW12 of the order of 100 mJ/m2, but it is
repelled by the metal in water.2,257 To compensate for the effect
of water, materials 1 and 2 should interact with each other more
favorably than with water, so as to increase W12 as much as
possible.
At the molecular level, water deeply affects physical

interactions and therefore the ability of polymer segments to
adhere to a surface or create cohesive cross-links.15 First, the van
der Waals attraction between two molecules is weaker in a
condensed fluid than in vacuum. Second, electrostatic
interactions of charges and dipoles depend on the reciprocal
of the relative permittivity of the medium, which for water takes
a high value ϵr ≈ 80. Moreover, in a strongly polar material such
as water, charge interactions are screened by dissolved ions.
Water also interferes with hydrogen bonding interactions,
competing both as a hydrogen bond donor and acceptor, but it
can promote the association between nonpolar functional
groups and extended surfaces through the hydrophobic
effect.287,288 Finally, the aqueous environment obviously affects
also the chemistry of adhesive bonds, e.g., by shifting the
equilibria of hydrolysis and condensation reactions, or through
environmental factors such as pH or the presence of reducing/
oxidizing agents.
TissueAdhesives.The research on “wet” polymer adhesives

is fuelled by a strong demand coming from the medical field,
particularly surgery, regenerative medicine, and tissue engineer-
ing.13,289 For example, surgical sutures typically are made using
needle and thread, or staples in time-sensitive interventions.
Sutures not only produce tissue damage and inflammation but
also are difficult or unfeasible at some surgical sites, such as the
placenta or the retina. A less invasive and accurate surgical
intervention could apply an adhesive locally, for instance with a
syringe during endoscopy. Polymer coatings and “primers”
could also be used to promote cell adhesion and growth on
tissue scaffoldmaterials, and integration of organ transplants and
artificial implants in the human body. Moreover, hydrogels
based on natural polymers such as gelatin, alginate, hyaluronic
acid, dextran, chitosan, and known biocompatible materials such
as PEG degrade naturally in the body without releasing toxic
byproducts. “Smart” hydrogels that respond to physicochemical
stimuli such as temperature, pH, enzymes, or electromagnetic
fields are increasingly used to deliver drugs, nutrients, or cells at
specific sites or to stimulate tissue morphogenesis and functions
(e.g., via chemo-mechanical actuation).290−292 Soft, transparent
and responsive hydrogels are also used in optics, microfluidics,
flexible electronics, and microrobotics, typically at contact with
diverse materials such as glass, silicon, ceramics, metals, plastics,
and elastomers.12When biocompatibility is not required, such as
for bonding hydrogels with inorganic surfaces, surface
functionalization with highly reactive silane groups is an effective
strategy to achieve strong adhesion.293

All these applications require joining a polymer with another
material in the presence of water. Human tissues are particularly
challenging targets, as they typically have a water content

exceeding 60%. A common strategy to increase both the
adhesion and mechanical strength of polymer materials is to
engineer strong water-compatible covalent bonds at the polymer
interface and in the bulk (i.e., cross-links), as shown in Figure 2.
The majority of polymer tissue adhesives approved or
undergoing clinical trials for medical use are based on reactive
groups that covalently bind to tissue functional groups. The
reactive groups include cyanoacrylates, urethanes, N-hydrox-
ysuccinimide (NHS) esters, aldehydes, catechol, isocyanates,
and aryl azides.13,289 These groups are either polymerized or
grafted onto the main chain of a biocompatible polymer. Tissue
functional groups include primary amines, carboxylic groups,
and thiols of the surface proteins (e.g., in lysine, glutamic acid,
and cysteine amino acids, respectively), with amines being the
most widely targeted because of their abundance and variety of
chemical reactions. One of the earliest demonstrations of this
approach is fibrin glue, a medical adhesive approved for medical
application and inspired by the biochemistry of blood
clotting.294 Fibrin is a fibrous protein that polymerizes in the
presence of the enzyme thrombin, forming a weak polymer
network. Thrombin also activates transglutaminase, an enzyme
catalyzing amide bond formation between lysine and glutamine
amino acids, thereby consolidating the fibrin network.

Biomimetic Adhesives. Finding an optimal balancing point
for adhesion, strength, and toughness is crucial in many polymer
applications and calls for a deeper understanding of how to
harness the strength and kinetics of various types of molecular
bonds (Figure 2) into macroscopic mechanical properties
(Figure 7). To understand how these features originate from
molecular bonds and interactions, natural materials and living
organisms are increasingly viewed as a source of inspiration for
biomimetic research.234,295−300

Hard natural materials such as bone, seashells, and wood have
a hierarchical structure based on nanosized building blocks:
collagen fibrils reinforced with hydroxyapatite crystals, calcium
carbonate platelets, and cellulose fibrils, respectively. These
blocks are connected by minor amounts of disordered, soft, and
hydrated polymeric materialsan organic matrix comprising
mainly proteins and polysaccharides.258,301 This type of
structure enables multiple mechanisms of deformation and
energy dissipation that synergistically increase both strength and
toughness above the levels provided by the single constituents.
The toughness of bone, for example, is regulated by proteins of
the organic matrix that show an abundance of anionic amino
acids, notably phosphorylated serines. The protein osteopontin,
named from Latin after its “bone-bridging” ability, is intrinsically
disordered and binds to Ca2+ ions in solution and to calcium-
containing minerals such as hydroxyapatite. It can dissipate large
amounts of energy within the organic bone matrix by breaking
the ion bridges formed by the association of phosphorylated
protein segments and Ca2+ ions (Figure 2).259,261,302 In the
nacre of abalone seashells, the mineral platelets are connected by
an organic matrix containing a highly modular protein named
lustrin A.258 Under a large tensile stress, lustrin A elongates by
breaking partially folded portions of the protein sequence
(Figure 2), thereby dissipating energy and enhancing the nacre
fracture toughness.
In the past 15 years, the biomimetic development of wet

adhesives has been energized by a series of studies on mussels of
the genus Mytilus and Perna and on sandcastle worms
(Phragmatopoma californica), exhibiting an impressive ability
to attach to a wide variety of submerged surfaces using tough
water-resistant proteinaceous secretions. These works have
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highlighted the key role of the nonstandard aromatic amino acid
3,4-dihydroxy-L-phenylalanine (Dopa) (Figure 8), found in
unusually large amounts in the adhesive secretions of both
mussels and sandcastle worms. The catechol group in Dopa
enables a rich and versatile chemistry for surface adhesion and
tissue cohesion, which has been extensively discussed in several
recent reviews (Figure 8).46,300,303 The chemistry of Dopa
overlaps with that of dopamine, a human neurotransmitter that
polymerizes into poly(dopamine), melanin, and other com-
pounds used in energy, environment, and medical applica-
tions.304 In contrast with osteopontin, lustrin A, and the
numerous other examples of cell-bound proteins (e.g.,
cadherins, biotin−streptavidin complex)236 that express their
adhesive function in a relatively closed and regulated environ-
ment, Dopa is secreted into an open and unpredictable
environment. While reproducing specific protein structures
and complex networks of interactions with synthetic materials is
a daunting task, including Dopa in a synthetic polymer involves
relatively simple chemical reactions and opens the exciting
possibility of encoding nonspecific “all-purpose” adhesion
mechanisms. This idea has had great appeal in material science
and has led to a massive wave of research on Dopa-based
polymers, recently covered in several reviews.295−297,299,300

A key feature in mussel and sandcastle worm adhesion is that
Dopa can generate strong adhesion and tissue cohesion without
necessarily creating covalent bonds. Indeed, Dopa can form
many types of physical bonds, including hydrogen bonds, metal
coordination complexes,48,305,306 hydrophobic interactions,
π−π and cation−π45 interactions (Figure 8) on a variety of
surfaces, including hydrophilic glass, metals, metal oxides,
plastics, and even antiadhesive Teflon coatings. Although
weaker than covalent bonds, physical interactions are reversible
and typically depend on the aqueous environment, providing a
versatile molecular toolbox for engineering sacrificial bonds for
tuning and actively controlling the mechanical properties of a
polymer material. For instance, hydrogen bonds can be
denatured by increasing temperature and decreasing pH, and
metal coordination complexes change to higher coordination
numbers with increasing pH, resulting in stronger protein
binding.46,301 Physical bonds that break and reform in a polymer
network also introduce bond relaxation time and diffusivity as
tuning parameters, in addition to bond strength. Thus, metal
coordination bonds with the same thermodynamic equilibrium
constant and different kinetic constants produce hydrogels with
substantially different viscoelastic properties.307

The hydroquinone moiety of Dopa spontaneously oxidizes
into quinone in seawater (pH > 7), and both mussels and
sandcastle worms cosecrete catechol oxidase to regulate the
redox state of Dopa amino acids.46 Although quinone has a
much lower surface affinity, primarily due to the lack of
hydrogen-bonding capability, it can form covalent bonds with
catechols, primary amines, and cysteines (Figure 8) that
strengthen the adhesive material after surface deposi-
tion.46,296,308 In the adhesive secretions of mussels and
sandcastle worms, the curing process is completed by metal
ions that diffuse from seawater and form complexes with
catechols..46

Catechol has been incorporated into various polymer
materials, particularly those already used for biomedical
applications such as chitosan, PEG, hyaluronic acid, and
alginate, producing materials with enhanced adhesion and
interesting mechanical properties.46,300,309 However, it is also
becoming increasingly clear that the inclusion of Dopa does not

guarantee the adhesive performance of a polymer material.
Several key aspects of mussel adhesion, listed below, are still be
to be clarified for improving biomimetic adhesives.

1. A major obstacle is controlling the oxidation of catechol
into quinone.310 Mussels rely on various molecular and
biological mechanisms, including a redox synergy
between catechol and cysteine amino acids, as well as
morphological features of the adhesive mussel foot, that
have not yet been reproduced in synthetic material.298

Moreover, in bothmussels and sandcastle worms adhesive
proteins the hydrophobic amino acid glycine is mostly
located near Dopa, suggesting that glycine may protect
Dopa from oxidization.311 The introduction of borate,
which can form hydrogen bonds with both hydroxyl
groups of Dopa, effectively protects it from oxidation
without decreasing its adhesive properties.312

2. Mussels are known to secrete their adhesive proteins in a
time-regulated sequence, starting from “vanguard”
proteins with a high Dopa content.313 While vanguard
proteins displace water molecules from the substrate and
establish adhesive surface−protein bonds, the role of the
other proteins is to build the strong and tough connective
tissue of the mussel adhesive and create a hard protective
coating at the interface with seawater through an
elaborate network of protein−protein interactions.298

Synthetic adhesives, on the other hand, encode multiple
functions in a single polymer structure, without matching
the complexity and efficiency of protein adhesives.

3. The abundance and proximity of aromatic Dopa and
cationic lysine in mussel adhesive proteins enables a
synergy between these amino acids that has rarely been
included in mussel-inspired adhesives.314 Namely, lysine
evicts hydrated ions from polar negatively charged
surfaces such as mica, facilitating the adsorption of
catechol.

4. Mussels’ and sandcastle worms’ adhesion hinges on a
delicate balance between adhesive surface−protein bonds
and cohesive protein cross-links, both involving Dopa.315

The abundance of cationic lysine and arginine amino
acids in mussel foot proteins suggests the formation of
strong cohesive cation−π bonds.45,314 Yet, the type,
strength, and distributions of cohesive bonds within an
adhesive layer of Dopa proteins have not yet been fully
characterized or related to the adhesion generated at
contact with another surface.

5. There is growing evidence that aromatic amino acids such
as tyrosine and phenylalanine can replicate some if not
most of the adhesive and cross-linking features of Dopa.
For example, recombinant green mussel adhesive
proteins316 and synthetic polypeptides45,47 in which
Dopa was replaced with tyrosine or phenylalanine showed
adhesion comparable to those obtained with the Dopa-
containing versions.

6. In addition to hydroxylation of tyrosine into Dopa,
phosphorylation of serine amino acids by addition of the
anionic phosphate group is common in both mussels and
sandcastle worms and enables surface-binding and cross-
linking via Ca2+ ion bridges.261,302 Moreover, phosphor-
ylation engages the numerous cationic residues (lysine
and arginine) in electrostatic interactions.46

7. The proteins of the sandcastle worm adhesive are either
phosphorylated and anionic, or cationic. Electrostatic
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interactions between these two protein groups drive
complex coacervation, i.e., the spontaneous separation
into a protein-rich fluid phase and a protein-deficient
aqueous phase.317,318 Self-coacervation was also observed
for cationic mussel adhesive proteins.319−321 In the
absence of a cationic counterpart, it has been proposed
that self-coacervation is driven by cation−π and π−π
interaction within the same protein as well as electrostatic
interactions between oppositely charged amino acids.
Complex coacervation is a promising strategy to increase
the efficiency of polymer adhesives as it densifies them
and enhances their spreading and delivery on the surface,
owing to the low interface energy with the surrounding
aqueous phase (eqs 3 and 4).Moreover, it has been shown
that complex coacervation of recombinant cationic
mussel adhesive proteins with a polycation such as HA
produces an increase of adhesive strength compared to
the single components.322,323

Biomimetics beyond Dopa. Far from being a prerogative
of mussels and sandcastle worms, underwater adhesion
underlies a dazzling variety of biological purposes at different
scales of size and complexity324 and is typically provided by
polymeric materials such as DNA, proteins, and polysacchar-
ides.325 In the past few years, the search for new bioadhesives has
expanded at an unprecedented rate. The contributions on
mussels and sandcastle worms have helped establish a trans-
disciplinary framework for translating adhesion-related con-
cepts, materials, and methods from biology to chemistry,
nanoscience, and material science.324 For example, material
scientists have promptly adopted rapid RNA sequencing as a
tool for identifying putative adhesive proteins from the footprint
left on the surface by an adhesive organism.324,326

For most multicellular aquatic organisms, adhesion is a key
function not only for surface attachment but also for prey
capture, protection, defense, mating, locomotion, parasitism,
and the building of dwellings.324 One of the most highly
conserved defense strategies against microbial infection across
the animal kingdom is the secretion of a slimy hydrogel known as
mucus.327 Its main purpose is to trap and immobilize pathogens,
such as viruses and microbes, and dust particles. These are
transported and eventually cleared from the interface within the
mucus layer, e.g., by continuous mucus secretion or motion of
surface cilia in human airways. Inspired by the sticky mucous
slime of the Arion subfuscus slug, Celiz and co-workers9 have
produced an effective hydrogel tissue adhesive that combines
two biocompatible polymers. A “bridging” polymer containing
primary amines (e.g., chitosan) was inserted at the interface
between an alginate-acrylate hydrogel and the tissue. Although
the hydrogel does not adsorb to the tissue, both the tissue and
the hydrogel bear carboxylic acids that bind to the amines.
Therefore, the bridging polymer provides tissue adhesion and
transfers mechanical stresses to the hydrogel, where they can be
effectively dissipated and produce a very large toughness.
Recently, Steinbauer et al.256 studied a short amino acid
sequence containing phosphoserine that is involved in various
protein adsorption processes at the interface with mineralized
tissue of the human body. Notably, the sequence is found in the
ostepontin and statherin proteins that bind to hydroxyapatite
crystals of the tooth enamel and therefore is a good candidate for
developing wet polymer adhesives that target human bone and
teeth.

It is likely that the study of adhesive materials secreted by
aquatic organisms will provide new insights on how to generate
adhesion with polymers in water. Microscopic organisms such as
bacteria, fungi, and archaea are able to attach to wet surfaces by
secreting multifunctional adhesive biofilms.325 Oral cavities, for
example, are caused by bacteria that bind and thrive on wet tooth
surfaces despite being continuously exposed to mechanical
stresses. Yet, to date only a few studies have tried to replicate the
molecular basis of bacterial adhesion into synthetic polymer
adhesives.328,329 Many reviews on bioadhesives produced by
marine invertebrates other than mussels, barnacles, and sand-
castle worms have appeared recently,324,330 highlighting a
variety of adhesion strategies and providing new ideas for the
development of biomimetic polymers beyond the inclusion of
Dopa. In particular, echinoderms such as sea stars331 and sea
urchins332 secrete Dopa-free proteins to adhere to and detach
from submerged surfaces during locomotion. The secretion
contains many distinct proteins, some of which are left on the
surface after detachment, suggesting a direct involvement in
adhesion. While identifying the role of each protein is a complex
experimental task, the study of sea urchins and sea stars has
already highlighted the importance of non-Dopa amino acid
modifications, particularly a high degree of glycosylation and
phosphorylation. It would not be surprising if the ongoing
intense research effort on the adhesion of marine invertebrates
would soon produce new breakthroughs.

■ CONCLUSIONS
In our overview of polymer adhesion, we have covered recent
advances in the areas of the theory and simulation of adhesion
phenomena, the experimental measurement of molecularly
resolved interfacial forces and structures, and the development
of biologically inspired underwater adhesives. We close this
Perspective by summarizing our views on the future challenges
in these areas:

• Improving our understanding of adhesive bonding,
starting from the molecular level, but remembering that
it is the macro-scale that matters.

• Integrating seamlessly the computational approaches to
adhesion problems, from electronic structure calculations
of bonding at organic−inorganic interfaces to continuum
approaches to contact mechanics and fluid flow.

• Developing the theoretical tools that are necessary to deal
with extreme nonequilibrium phenomena, such as
polymer fracture and debonding.

• Promoting the sharing, integration, and comparison of
experimental, theoretical, and computational data on
adhesive interfaces.

• Directly measuring the nanoscale deformations and
mechanical forces of polymer films, monolayers, and
single molecules, and resolving the distribution, orienta-
tion, and interactions of adhesive molecular groups (e.g.,
Dopa) at a polymer interface. The role of polymer
interphases has been stressed in the field of nano-
composites,173,333,334 but it has not yet been explored
systematically for polymer adhesion and friction.

• Expanding the database of model parameters such as
single-chain elasticity, dissociation−association dynam-
ics, unfolding energy of protein domains, and collective
mechanical response of dense polymer monolayers (e.g.,
brushes).
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• Enabling the rational bottom-up design of polymers with
specific adhesive and mechanical properties from the
knowledge of their molecular properties.

• Controlling adhesion and mechanical forces with non-
mechanical stimuli such as ions and electric fields for
polyelectrolytes, and UV-irradiation for azobenzene-
containing polymers, to achieve an active control of the
adhesive properties (e.g., adhesion “on demand”).

• Building a rich and versatile molecular toolbox of
molecular structures and interactions to engineer the
adhesion and mechanical response of polymers and
hydrogels. Precision polymer synthesis, which can place
functional groups at better controlled densities and
locations, may play an increasingly important role in
further understanding adhesion phenomena.

• Searching new mechanisms of underwater adhesion
among the myriad examples provided by living organisms.
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