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Long-term adhesion durability revealed through

a rheological paradigm

Changhong Linghu1'r, Rui Wu?t, Yuqing Chen?3, Yulin Huangz, Young-Jae Seo', Hua Li',

Guannan Wang?*, Huajian Gao*#, K. Jimmy Hsia'**

The question of how long an object can adhere to a surface has intrigued scientists for centuries. Traditional studies
focus on rapid crack-propagation detachment and account only for short-term adhesion governed by interfacial-
viscoelastic dissipation, failing to explain long-term phenomena like sudden detachment after prolonged adher-
ence and to predict corresponding adhesion lifetimes. Here, we investigate the long-term adhesion through a
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rheological paradigm using both theory and experiment. By considering both the bulk rheology and interfacial
viscoelasticity mechanisms, we show that long-term adhesion durability is governed by the competition between
them. This understanding leads to accurate lifetime predictions, which we validate through experiments. In addi-
tion, our study reveals a previously undocumented, counterintuitive phenomenon unique to long-term adhesion:
the expansion of the contact area under tensile forces, in contrast to short-term adhesion in which the contact area
always shrinks during detachment. This research fills a critical gap in adhesion physics.

INTRODUCTION

Adhesion is a widely observed and essential phenomenon in nature
and industry (1, 2). It not only affects the function and performance
of devices and structures but also determines the reliability of many
systems. As a key metric, adhesion durability dictates the service life
and robustness of various adhesive systems. Accurate prediction and
regulation of adhesion lifetimes are paramount in various domains,
including advanced manufacturing (3-7), robotics (8-12), and wear-
ables (13-19).

The mystery of adhesion durability has persisted for centuries
since adhesives exhibit an extensive spectrum of lifespans, ranging
from milliseconds (20, 21) to seconds (22-24), minutes (25-28),
hours/days (29-31), months/years (32-34), and even centuries (35).
Even to date, accurate prediction of adhesion lifetimes over exten-
sive time spans remains extremely challenging.

As early as 1847, Stefan derived the formula for time span re-
quired to separate two plates bonded by a viscous fluid under normal
pulling. However, this model did not align well with experimental
observations, partly due to the oversight of effects such as inertia
(36). By the 1940s, two major experimental methodologies (37) for
assessing the durability limit of adhesive joints had been developed:
the Wohler technique using a constant load and the Prot method us-
ing a gradually increasing load. Over time, various testing method-
ologies were introduced with the development of theoretical models
predicting adhesion lifetimes (38-40). However, most of these studies
are empirical or semi-empirical, limited to specific scenarios or
applications, and fail to explore the underlying mechanisms and
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physics fundamentally, in particular those occurring during long-
term adherence.

In reality, adhesion durability is a very complex topic, and vari-
ous detachment behaviors (I, 2) can occur even under simple con-
stant tensile loads, as observed in nature and daily life. Figure 1
summarizes three typical cases of detachment behaviors. Case 1,
immediate detachment via crack propagation: In this scenario, the
contact radius a decreases rapidly upon applying the load. This phe-
nomenon has been extensively studied in the past, as the propaga-
tion of a Mode-I crack (41, 42). An example of Case 1 is shown in
Fig. 1A. When the finger touches a small pebble particle or a similar
tiny object, it momentarily adheres to the skin but quickly detaches
once the finger is lifted (see details in movie S1). Case 2, creep de-
tachment: Adhesion remains stable for a period before suddenly
detaching, challenging conventional theories and puzzling scientists
for a long time. An example of Case 2 is the unpredictable, sudden
detachment of a load-bearing adhesive hook from a wall after a cer-
tain period, as shown in Fig. 1B (see details in movie S2). Before
failure, the adhesive layer is gradually stretched vertically due to
creep, without obvious crack behavior as predicted by existing theo-
ries. This case has not been systematically studied, highlighting the
limitations of conventional theories in explaining adhesion durabil-
ity. While it shares certain similarities with delayed fracture (43), the
failure mechanism is fundamentally distinct, as it focuses on inter-
facial separation between objects rather than crack propagation
within a single material. Case 3, perpetual adherence: When the
load cannot overcome the adhesive forces, adhesion persists indefi-
nitely. An example of Case 3 is shown in Fig. 1C. Ancient people
ground minerals into powder to create pigments for cave paintings
(44-46). Some of these artworks remain clear today, with mineral
particles adhering to the rocks for millennia. However, how these
particles adhered for so long and why some patterns were preserved
while others faded remain a mystery. These phenomena may involve
complex chemical interactions and environmental factors, but phys-
ical adhesion and viscoelasticity both play important roles in deter-
mining their adhesion lifetime.

Here, to comprehend the underlying physics and explain diverse
detachment behaviors, we revisit the classical adhesive contact
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Fig. 1. Examples showing three typical detachment cases observed in nature and daily life. (A) Immediate detachment via crack propagation: A fine pebble particle
adhered to the fingertip rapidly detaches through crack propagation upon lifting the fingertip. (B) Creep detachment: An adhesive hook, bearing a 4.5-kg bottle of water,
adheres to the underside of a cabinet for a period before suddenly detaching. h, hours. (C) Perpetual adherence: Paintings created by ancient humans using mineral pig-
ments on rocks have endured for tens of thousands of years. Even today, scanning electron microscopy (SEM) reveals pigment particles still adhere to the rock surface
firmly. Image credits in (C): (1 and 2) Rock arts of (1) a small buffalo and (2) a handprint, with permission from the American Association for the Advancement of Science
(AAAS), copyright (45, 46). (3) Bandicoot image from the “Genyornis”rock art site, Arnhem Land, Australia, and (6) the SEM image of (5) a sample showing pigment particles
adhered to the rock surface; adapted with permission from Elsevier Ltd., copyright (44). (4) Magdalenian painted bison from the Altamira Caves (https://en.wikipedia.org/

wiki/Cave_of_Altamira).

model of a sphere adhered to a viscoelastic adhesive substrate rigor-
ously (Fig. 2A). Intriguingly, a wide range of adhesion phenomena
can be understood through this model, from atomic interactions
(47-49) and particle repellency (50) to cosmic processes like dust
accumulation and planetary evolution (51). In this model, the com-
petition between adhesive and detachment forces, along with the
viscoelasticity of adhesives, determines the detachment behaviors
over different observation durations. For short observation dura-
tions, interfacial viscoelasticity dominates during separation, leading
to energy dissipation effects and rate dependency (52-55) during
crack propagation. Conversely, over extended observation periods,
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bulk viscoelasticity or the rheology of the adhesive becomes crucial.
This aspect, characterized by the adhesive’s creep over prolonged
durations, exhibits substantial time dependency. However, most ex-
isting studies consider only one of these two aspects.

To date, the rheology effect has only been considered experimen-
tally (56, 57) or theoretically (58, 59) for discussions on the contact
area evolution in indentation tests of viscoelastic materials (57, 60)
under compressive loads, or in zero-load scenarios in particle sin-
tering (61, 62). On the other hand, research under tensile loads has
been centered on the effect of interfacial viscoelasticity, with a focus
on adhesion enhancement caused by viscoelastic dissipation under
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Fig. 2. Analysis of the detachment of a rigid sphere from a viscoelastic adhesive substrate in three typical detachment cases. (A) An illustration of a rigid sphere
detaching from the viscoelastic adhesive under a tensile load P, with key geometrical parameters labeled. (B) Case 1: Immediate detachment via crack propagation upon
applying a large tensile load, where energy dissipation effects caused by interfacial viscoelasticity play a predominant role during separation. (C) Case 2: Creep detach-
ment with stable adhering under an intermediate tensile load followed by crack propagation after creeping to a critical point. (D) Case 3: Perpetual adherence under a
small tensile load, with contact area growing over time due to bulk rheology. (E) Temporal evolution diagram of the Tabor curve (the normalized critical pull-off force
n="P,/(twW,y R) as a function of the initial Tabor parameter p?) over time, considering viscoelasticity with E¢/E., = 100 and a relaxation time 7. Black dots indicate the
elastic solution from the M-D model, with the blue line representing the corresponding fitted expression given by Eq. 1. The Tabor curve shifts left over time from the blue
line, passing through red dashed, dotted, and dot-dashed lines at t = 3, 67, and 9t before ultimately reaching the orange line at t = co. This shift in the Tabor curve alters
the critical load capability P (i.e., the critical pull-off force) of the adhesion system, causing changes in detachment behaviors and determining the adhesion lifetime.

a constant separation rate (41, 42, 54, 55). In these studies, separa-
tion is conceptualized as the propagation of a Mode-I crack from the
edge of the contact region, where linear elastic fracture mechanics
and the Gent-Schultz law (63, 64) are used to correlate the work of
adhesion w,q with the crack propagation rate V. This methodology
focuses solely on the viscoelastic dissipation at the crack tip, assum-
ing the rest of the adhesive remains elastic. Such a simplification is
justifiable for rapid separations but insufficient for explaining de-
tachment behaviors beyond crack propagation, especially those un-
der long-term adherence. When the separation time approaches or
exceeds the material’s relaxation time, bulk rheology becomes in-
creasingly significant and cannot be disregarded. Recent studies
(55, 65, 66) have explored the combined effects of interfacial and
bulk viscoelasticity during detachment, uncovering interesting phe-
nomena such as the “frozen” state and a flat punch-like detachment
mechanism driven by the separation rate, akin to that observed in
shape memory polymers during temperature-induced transitions
(67). However, these studies have primarily focused on adhesion
enhancement, leaving the critical aspect of adhesion durability
largely unexamined.

In short, the main challenge in accurately predicting adhesion life-
times, despite decades of research, is the insufficient exploration and
understanding of the fundamental mechanisms behind adhesion du-
rability, especially the creep of adhesives under prolonged tension.

In the current study, we address the enduring question of long-
term adhesion durability of viscoelastic adhesives through a rheo-
logical paradigm, incorporating bulk rheology alongside interfacial
viscoelasticity. We reveal that the underlying mechanism control-
ling the long-term detachment behaviors is the competition be-
tween the interfacial viscoelasticity and bulk creep. Through this
understanding, we establish the criterion for transitions between
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different detachment behaviors. We further carry out experiments to
quantitatively characterize the adhesion lifetime between a spheri-
cal object and adhesive substrate under constant tensile loads. The
model predictions agree with experimental measurements well. We
have also uncovered a previously undocumented, counterintuitive
phenomenon, the expansion of the contact area under tensile forces,
which can be explained by our model. These results enhance
our understanding of adhesive durability across wide time scales,
achieving accurate predictions of adhesion lifetimes, and providing
guidance for designing materials and structures with customized
adhesion properties.

RESULTS

Underlying mechanisms controlling long-term

detachment behaviors

We first demonstrate the underlying mechanisms controlling the
detachment behaviors across time scales based on the fundamental
model of a rigid sphere adhered to an adhesive substrate (Fig. 2A).
Rigorous theoretical analyses are presented to illustrate how rheol-
ogy, viscoelasticity, and the tension-adhesion competition deter-
mine the detachment behaviors in the adhesive system, enabling the
prediction of adhesion lifetimes.

For the elastic system of a contacting sphere, the maximum ad-
hesion force P, commonly referred to as the pull-off force, is inde-
pendent of time and can be expressed as P. = 1 - Tw,gR, where n is a
constant ranging from 1.5 to 2, depending on the so-called Tabor
WR
E*2w
sion strength, R is the radius of the sphere and E* is the effective

( v +—2 1y ) where E; and E,

parameter (67) gy = < . Here, o, is the interfacial adhe-

modulus of contact, defined by — 7 =
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are the Young’s moduli, and v, and v, are the Poisson’ ratios of the
contacting sphere and adhesive substrate, respectively. When p. > 5,
crack-like detachment takes place at a critical load, P__jxr =1.57w,4R,
approaching the limit given by the JKR model (68). When p; < 0.1,
uniform detachment occurs at a critical load, P, pyr = 27w,4R, ap-
proaching the limit given by the DMT model (69).

In reality, most adhesives, primarily those made of polymeric
materials, demonstrate a substantial change in modulus over time,
or, equivalently, across a temperature range (64, 67). The ratio of
their instantaneous modulus E,, to fully relaxed modulus E_, can be
as large as 1000 or even higher. As the modulus of the substrate
shifts from E;, by three orders of magnitude to E_, the Tabor param-
eter is reduced by two orders of magnitude. This drastic change in
modulus can usher in a transition in the adhesion regime from
DMT to JKR after prolonged loading, resulting in a time-varying
pull-off force P_(¢).

If the externally applied load P is larger than the initial pull-off
force P.(0), the sphere will detach immediately (Fig. 2B), like the
situation of the pebble detachment (Fig. 1A). However, if P is small-
er than P_(0), and both of them lie in between the JKR and DMT
limits, i.e., P._jxg < P < P.(0) < P_pyr> @ situation similar to that
encountered by an adhering hook on a wall may occur. Initially, ad-
hesion can be maintained even after applying a tensile load because
P < P_(t). Because of material creep, however, the pull-oft force pro-
gressively declines over time toward P_j. Once P (f) becomes
smaller than the external load P, it triggers the detachment from the
substrate via crack propagation. We refer to such time-delayed de-
tachment, resulting from the reduction in P_(t) due to bulk rheolo-
gy, as creep detachment (Fig. 2C). On the other hand, if the external
load is smaller than the long-term pull-off force, i.e., P < P_(o0), the
sphere will adhere on the adhesive substrate perpetually (Fig. 2D).

To analyze the adhesion durability under a constant load system-
atically, we extended the elastic Maugis-Dugdale (M-D) (70) model
to viscoelastic conditions, as illustrated in Fig. 2A. The M-D model
uses the square-well Dugdale potential to describe adhesive attrac-
tions outside the contact area, effectively removing stress singulari-
ties and facilitating a characterization of the DMT-JKR transition.
This transition is quantified by a relationship between the normal-
ized pull-off force n =P,/ (nwg4R) and p; (termed the “Tabor
curve” here). The closed-form solution of the Tabor curve, derived
from a complex set of integral equations, lacks an explicit expres-
sion. Nonetheless, it is discovered that the numerical results of the
Tabor curve (black dots in Fig. 2E) can be closely approximated by a
simple empirical expression (the blue line in Fig. 2E)

n="P./(nwyR) =15+ 0.5/ (1+5.06p}°) (1)

For elastic substrates, existing theories show that, when the load-
ing point is above the Tabor curve as defined by the M-D solution
(the blue curve in Fig. 2E), detachment occurs immediately through
crack propagation. Conversely, when the loading point is below the
Tabor curve, adhesion is sustained indefinitely. However, the dy-
namics becomes more complex when the bulk rheology is taken
into account, which results in shifting of the Tabor curve over time.

For simplicity, in this context, we incorporate the time effect us-
ing the standard linear solid model (71) (other complex models can
also be straightforwardly implemented if needed). The equivalent
elastic modulus (or relaxation modulus) can be defined as

E(t)=Ey + (Ey—Ey)e™ /" @)
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where 7 is the characteristic relaxation time and ¢ the real time. As-
suming the sphere is rigid and using Eq. 2 to replace the correspond-
ing elastic modulus in the Tabor parameter for elastic conditions,
the viscoelastic Tabor parameter p;(#) is obtained as

@R 17
_ th
hr(t) = lE(tmwad] ®

which increases over time, leading to decreasing P (t). Here, E(t)*
denotes the effective modulus of contact between the rigid sphere
and viscoelastic substrate, defined by E(t)* = E(t) / (1 - vz).

As shown in Fig. 2E, this bulk rheology effect is equivalent to
shifting the Tabor curve to the left over time, from the blue line to
the orange line (t = o0), passing through the red dashed (t = 31),
dotted (t = 67), and dot-dashed (¢ = 97) lines. Using the viscoelastic
Tabor curve, three typical detachment cases can be identified clearly:

Case 1: Immediate detachment (Fig. 2B). When the loading
point|P.(), P|or[n(t), Plis located in zone I in Fig. 2E, i.e., P > P (0)
upon an applied tensile load, the sphere will separate from the visco-
elastic adhesive through crack propagation immediately. During this
process, viscoelasticity primarily leads to localized energy dissipation
at the crack front, while other regions can be assumed elastic. Under
this circumstance, linear elastic fracture mechanics theory is appli-
cable. Because of viscoelastic dissipation, the critical energy release
rate G typically increases with the separation velocity V = —da / dt
(where a is the contact radius) according to

G=(1+D) wy (4)

where @ is the viscoelastic dissipation function, a material parame-
ter independent of the geometry and loading.

With the assumption that the viscoelastic dissipation is propor-
tional to w,q4 as suggested by peeling experiments (64), the energy
dissipation function can be further described by a phenomenologi-
cal equation

@ =k(a; V)" (5)

where a; is the William-Landel-Ferry factor, and k and o (ranging
from 0.1 to 0.8) are characteristic constants of the material, to be
determined experimentally.

In M-D model, the contact radius a is related to the critical en-

ergy release rate G through
2tan~1vVm2 —1 4(1-12
tan m ) + ( ) K2

G= hoP ><<1
- - 1
2nR Vm?2—1+m2tan~Vm2 -1 E
9 Vm?—1tan"'Vm2—1—-m+1 (6)
2
<\/m2—1+m2tan‘1\/m2—l>

where K| is stress intensity factor due to the external loading (70),
P, = a’K /Rwith K = 4E /3(1—v?), Eand v are the elastic modulus
and Poisson’s ratio of the substrate, and m > 1 is the ratio between
the adhesion zone radius ¢ and the contact radius a.

From Egs. 5 and 6, we can predict the change in contact radius a
over time and the detachment time t,. In Case 1, the adhesion life
t, = t;, which is entirely determined by the initial contact radius
ap and crack propagation speed. It is important to note that under
extremely large loads and rapid separation, the material behaves
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entirely elastically and may exhibit shape-locking effects, as high-
lighted in a recent study (55). In such scenarios (65, 66, 72), the
crack velocity becomes so high that the work of adhesion can no
longer be described by the Gent-Schultz law, the detachment occurs
nearly instantaneously, and the adhesive lifetime approaches zero.
In contrast, our focus is on detachment under progressive crack
conditions, where the Gent-Schultz law still applies.

Case 2: Creep detachment (Fig. 2C). When the loading point is
located in zone Il in Fig. 2E, i.e., P.(o0) < P < P.(0), upon a constant
tensile loading, the system remains attached for a period of time
(termed creep time ¢.) while P < P_(t) is true. Over time, as the Ta-
bor curve moves toward left due to the creep of the adhesive, the
loading point would cross the Tabor curve at a critical time. Beyond
the critical point, the separation occurs via crack propagation and
the dominant viscoelastic behavior changes from bulk creep to local
energy dissipation near the crack tips.

Using Eq. 1, the critical Tabor parameter pf, for detachment

1/16
[P.(t) = P] can be obtained as ;. = {ﬁ- [m - 1]} ! .
In this stage, the creep time ¢, can be obtained by solving the equa-
tion pr(f) = p7. During this phase, the bulk rheology can lead to
either growth or recession of the contact area. In general, material
creep takes place slowly, entailing a gradual change in internal
structure under sustained loading, except in conditions of extreme-
ly high temperature or stress. Therefore, it can be assumed that the
creep rate approaches zero, leading to an approximate equilibrium
state without local energy dissipation. The temporal evolution of
the contact area can be predicted by extending the M-D model to
viscoelasticity (57) as

4a(t)’
3(1-v?)R

[\/ m(t) —1+m(t)’tan” \/ m(t)? —1] *C(t)

CxP= —2a(t)*oy,

and
a(t) at) oy
TR [\/ m(t)? —1+ m(t) —2 tan™ \/m(t) —1]
4a(t)cth 1—

[\/m(t) ltan"l\/m(t) —1—m(t)+1] *C(H)=1

TW,q

where the convolution C * P is given by L; C(t— 5)%(;)61(‘;, with P(t)

denoting the loading history; C(¢) is creep compliance and its con-
version relationship with relaxation modulus is expressed as

J CEOE( -8t = 1 ©)
0

From Egs. 7 and 8, the contact radius 4. at time ¢_ can be deter-
mined. Subsequently, substituting a. as the initial contact radius
into Egs. 4 and 5, replacing the elastic modulus with the equivalent
modulusE(t), and following the procedure outlined in Case 1, the
detachment time ¢4 can be determined. The total adhesion time ¢, for
Case 2 is then given by the sum of the creep time ¢, and detachment
timetyast, =t + 4.

Case 3: Perpetual adherence (Fig. 2D). When the loading point
is located in zone III in Fig. 2E, P < P_(t) is always true, preventing
detachment and ensuring perpetual adherence until £, = 0. In this
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case, the bulk rheology can lead to contact area expansion over time,
which can be quantified using Eqs. 7 and 8. This is because, although
macroscopically, the tensile forces try to pull the system apart, mi-
croscopically, the adhesive forces at the contact edges attempt to at-
tract the sphere toward the adhesive. When the adhesive forces
prevail in this competition, it can result in increased contact area
over time.

Experimental observations and validations

To validate the current theory, systematic adhesion durability tests
are carried out on a customized platform (Fig. 3A; see details in the
Materials and Methods) using 3M tapes and glass or steel spheres.
Experimental results are given by the dots in Fig. 3B, with the theo-
retical predictions represented by the solid and dashed lines repre-
senting the bulk creep and crack propagation detachment behaviors,
respectively. The theoretical predictions of both the contact radius
evolution and the adhesion lifetimes agree very well with the ex-
perimental results.

Consistent with theoretical predictions, in Case 1 (blue circles in
Fig. 3B), the sphere detaches swiftly from the adhesive under ten-
sile loading, marked by rapid crack propagation. Figure 3C shows
that the contact edge stays smooth throughout crack propagation
but forms finger-like patterns just before the full detachment, as
detailed in movie S3. The finger-like pattern formation indicates
crack propagation instabilities (73, 74), where classical fracture
theories do not apply. In addition, mechanisms such as bifurcations
(75) or snap-through instabilities (76, 77) might also play a role,
contributing to the discernible differences between theoretical pre-
dictions and experimental results (see movie S3). While these
mechanisms warrant further exploration, they are not the primary
focus of this study, as they occur during a brief phase of the overall
detachment process.

In Case 2 (red triangles in Fig. 3B), the adhesion remains stable
without obvious change in a during the early stage. However, as the
bulk creep reaches the critical point, i.e., P = P_(t), a circumferential
crack at the edge begins to propagate and accelerate continuously
until complete detachment. It can also be seen in the contact details
in Fig. 3D, where the first three snapshots correspond to the creep
stage with the contact area remaining almost unchanged, followed
by the rapid crack propagation and decrease of the contact area over
time (see movie S4 for more details).

In Case 3 (orange squares in Fig. 3B), the adhesion can always
be maintained, and detachment never occurs. Furthermore, a vis-
ible expansion of the contact area over time is observed, as shown
by the orange squares in Fig. 3B and snapshots of the contact con-
ditions in Fig. 3E. Unexpectedly, the contact radius is increased by
24% in 114 hours, due to the bulk rheology effect (see movie S5 for
more details). To the best of our knowledge, this type of counter-
intuitive contact area growth under tensile loads has not been re-
ported before. This mechanism may be inherently responsible for
the fluid interface-like contact (78) observed between microscale
particles and soft elastic solids, and could help explain the adher-
ence of mineral particles to rock surfaces for millennia in cave
paintings. It is worth noting that contact area growth is influenced
by both the initial contact conditions and the saturated contact
area after prolonged creep periods. It is reasonable to speculate
that contact area growth will not occur if the initial contact area
exceeds the saturated value, a hypothesis that requires further val-
idation in future studies.
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Fig. 3. Experimental verification of theoretical predictions on adhesion durability. (A) The schematic of the experimental setup used to monitor the evolution of the contact
area between a glass/steel sphere and a viscoelastic adhesive (VHB tape, thickness h = 2 mm) over time. (B) Measured contact radius normalized by its initial value a/aq versus time
in three typical cases, compared with theoretical results. Each test was conducted at least three times. The dots represent experimental measurements, while the shaded areas
indicate the SD. The theoretical predictions (solid lines) align very well with the experimental data. (C to E) Snapshots showing the change in contact area at different time points
for (C) Case 1 [corresponding to the blue circles in (B)], (D) Case 2 [corresponding to the red triangles in (B)], and (E) Case 3 [corresponding to the orange squares in (B)]. These ex-
periments perfectly reproduce the typical cases observed in nature and daily life as shown in Fig. 1, and reveal a counterintuitive phenomenon of contact area growth under
tensile load. The ratio of the contact area to the tape thickness is less than 0.5, supporting the substrate’s half-space assumption (see Materials and Methods for details).

Influence of viscoelastic parameters representing the Tabor curve computed using E, represents the
Viscoelastic properties, especially the modulus ratio E,/E,, and contour at the initial loading time, whereas the orange surface, de-
characteristic relaxation time 7, play an important role in adhesion  termined using E, the infinitely long creeping time. It is observed
durability. Figure 4A shows the three-dimensional (3D) contours of  that, as E,/E_, increases, the range for Case 2 expands, thereby in-
the Tabor curves as a function of the ratio between the instanta-  creasing the likelihood of creep detachment. In other words, Case 2
neous modulus E, and the relaxed modulus E. The blue surface, becomes less prevalent in materials with smaller Ey/E_,, and it may
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Fig. 4. Impact of viscoelastic parameters on adhesion durability. (A) 3D contours of the Tabor curves showing the different detachment behaviors as the ratio between
the instantaneous modulus Ey and the relaxed modulus E,, changes. The blue and orange surfaces represent Tabor curves computed using the instantaneous modulus £y
and the relaxed modulus E, respectively, at various Eo/E, ratios. The region corresponding to Case 1 (immediate detachment) remains unchanged, while the region for
Case 2 (creep detachment) expands, and the region for Case 3 (perpetual adherence) contracts as the ratio Eo/E., increases. (B) Influence of the relaxation time t on the
adhesion lifetime t, (Eo/Ec = 100). When the relaxation time 7 is small, the adhesion lifetime is dominated by the detachment time t, determined by the crack propagation
process. However, as the relaxation time tincreases, the adhesion lifetime becomes increasingly dominated by the creep time t. determined by the creep transition process.
The inset shows the normalized contact radius a/ag variation with time t at three typical points, where the adhesion durability is dominated by the detachment time t, of
crack propagation (point 1), the creep time t_ before reaching the critical point at which detachment begins (point 3), and the combined dominance of tyand t, (point 2).

even vanish when E/E_ = 1. This finding offers valuable guidance
for selecting adhesive materials to either promote or prevent Case 2
detachment or to control detachment behaviors.

In Case 2, the adhesion durability is highly dependent on the
material’s characteristic relaxation time t. Figure 4B shows the
influence of T on the adhesion durability, in which the loading
factor is fixed at n = 1.7, the adhesive material mimicking epoxy
is chosen, i.e., E; = 100 MPa and E_ = 1 MPa, and the radius of
the contacting glass sphere is 10 mm. The adhesive parameters
between epoxy and glass are measured (79, 80) as 6, = 3.8 MPa,
Ww,q = 0.823] /m? k=6, and a = 0.5 at the reference temperature
of 20°C. When t < 107'? year, the normalized adhesion time t, /
(black solid line) coincides with the normalized detachment time
ty/ 7 (blue dashed line), indicating that the adhesion behavior is
dominated by local viscoelasticity. When © > 1072 year, the nor-
malized adhesion time (black solid line) coincides with the normal-
ized creep time ¢, /T (yellow dash-dotted line), indicating that the
adhesion is controlled by bulk rheology. For clarity, the inset in Fig.
4B further displays the evolution of contact area over time for three
typical points: where the adhesion durability is dominated by local
viscoelastic dissipation during detachment via crack propagation
(point 1), by bulk rheology during the transition to the critical
creep point for detachment (point 3), and by both the localized visco-
elastic dissipation and bulk rheology jointly (point 2), respectively.
t4 exhibits a power-law transition from 1 to 0.25 as the characteristic
relaxation time increases. When t approaches 0 or oo, the material
behaves as an elastomer with moduli of E_, and E,, respectively. For
the given load, the former degenerates to Case 1, where the creep
time can be ignored and the adhesion fails in a crack propagation
manner, whereas the latter degenerates to Case 3, where adhesion
persists with t, = oo.
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Influences of the loading conditions, geometry,

and temperature

Our discussion so far is based on the simple standard linear solid
model for simplicity. However, it is important to note that the current
theory for predicting adhesion durability is not limited to specific
forms of the viscoelastic model. As an example, we use here a gener-
alized Maxwell model (81, 82) to match the real properties of an ep-
oxy adhesive (see detailed modeling coefficients in section S1 and
table S1). This model consists of a parallel connection of a free spring
and 10 branches (each branch contains a spring and a dashpot in
series; see details in the inset of Fig. 5A) fitted from experimental
measurements of the epoxy. Other than the intrinsic material param-
eters listed in Fig. 4, external factors, including the loading condi-
tions, geometry, and temperature, can also play important roles in
determining the onset of detachment and adhesion durability.

Figure 5A illustrates the influence of the loading conditions,
where the solid lines denote bulk creep and dashed lines indicate
crack propagation. It is shown that, when the loading factor
n=>~P/ (nwadR) decreases gradually from 3 to 1, the detachment
scenario changes from Case 1 to Case 2 atn = 1.71, and then to Case 3
atn = 1.5. Within the scope of Case 2, a shift is observed from being
dominated by ¢, to being dominated by t, in adhesive lifetime ¢, due
to load reduction, similar to the influence of the material relaxation
time shown in Fig. 4B.

Figure 5B shows the 3D map of the effects of sphere radius R and
temperature T on the adhesion lifetime ¢, with the load fixed at
P =0.44 N. At fixed temperature of T,; = 20°C, the detachment sce-
nario changes from Case 1 to Case 2 at R = 9.9 mm, then to Case 3 at
R =11.3 mm as R increases, as shown in Fig. 5C. It is noticeable that
the adhesion time t, remains relatively short and grows slowly in Case 1,
but accelerates swiftly upon changing to Case 2, and then abruptly
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Fig. 5. Theoretical discussions on the influence of loading conditions, geometry, and temperature on the adhesion durability of an epoxy resin adhesive. The
epoxy resin adhesive is characterized by the generalized Maxwell model (87, 82). (A) Predicted normalized contact radius a/ag versus time t under different constant tensile
loads. As the load P reduces, the detachment case changes gradually from Case 1 to Case 2, and then to Case 3. (B) 3D map of the adhesion lifetime as functions of the ra-
dius of the sphere and the temperature under a specified tensile loading of P = 0.044 N. (C) Influence of the radius of the sphere at the reference temperature Tef = 20°C,
corresponding to the blue dots in (B). As the sphere radius increases, the detachment case changes gradually from Case 1 to Case 2, and then to Case 3. (D) Influence of the
temperature under a given sphere radius R = 10 mm, corresponding to the red dots in (B). As the temperature increases, the detachment case changes gradually from Case

2 to Case 1 for relatively small sphere radii, or remains in Case 3 for larger sphere radii.

jumps to infinity when nearing Case 3. Alternatively, as depicted in
Fig. 5D, the adhesion lifetime decreases significantly with increasing
temperature under a given radius R = 10 mm, experiencing the shift
from Case 2 to Case 1 at T = 25°C. The temperature influences the
response rate or effective creep time of the material, and these cor-
responding effects can be encapsulated by the time-temperature su-
perposition principle (see details in section S2 and fig. S2). In
addition to predicting the adhesion lifetime of an adhesive system,
this approach also enables the accurate predictions of adhesion evo-
lution pathways, and the design of adhesive systems tailored to spe-
cific requirements, thereby achieving adaptive control of adhesion.

DISCUSSION
The experimental and theoretical insights obtained in this study rep-
resent a major step forward in our understanding of the mechanisms

Linghu et al., Sci. Adv. 11, eadt3957 (2025) 14 March 2025

governing adhesion durability, a topic that has puzzled scientists for
centuries. Our study, by introducing hitherto unexplored modes
of creep detachment and perpetual adherence, moves beyond the
conventional detachment scenarios of immediate crack propaga-
tion. This discovery fills a crucial void in the field of adhesive physics.
This research is rigorous, where theoretical predictions of all three
detachment cases, immediate detachment, creep detachment, and
perpetual adherence, are thoroughly validated through extensive ex-
periments over extended observation durations. One of the study’s
most interesting revelations is the counterintuitive phenomenon of
contact area expansion under tensile forces, a behavior previously
undocumented in physics of adhesion. These findings not only offer
theoretical insights into the adhesion durability by enhancing our
understanding of adhesive behavior over a broad range of obser-
vation durations but also have practical implications for the de-
velopment of next-generation sustainable adhesives with customized
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adhesion properties, potentially affecting a wide range of industries
and applications such as robotics, electronics, and additive manufactur-
ing. In summary, this work has investigated the underlying mechanisms
of adhesion durability using the fundamental spherical contact model
under constant normal pull loads. Future studies should account for
geometric factors specific to common adhesive systems (e.g., adhesive
disks or tapes) and real-world, complex loading conditions [e.g., shear or
cyclic loads (83, 84)] to better inform practical applications. In particu-
lar, the loading history and memory effects in viscoelastic materials
should be carefully addressed for time-varying loads.

MATERIALS AND METHODS

Experimental method of the adhesion durability tests

Figure 3A shows an illustration of the customized adhesion durability
test platform (see details of the device photo and flow chart in fig. S2).
Commercial 3M-4910 VHB tape (thickness # = 2 mm) was used as
the viscoelastic adhesive. Three different spheres were chosen to rep-
resent the typical cases after a series of trial tests: a 15-mm-radius
glass sphere weighing 35 g for Case 1, a 7.5-mm-radius steel sphere
weighing 9 g for Case 2, and a 1-mm-radius glass sphere with a mass
of 9 mg for Case 3. Before testing, all spheres are cleaned meticulously
with alcohol and then thoroughly dried. Experiments were carried
out at room temperature and in a dry environment. The experimental
steps are as follows: First, attach a fresh tape to the glass backing and
secure them to ensure that the free side of the tape is facing down and
leveled; second, use a linear stage (with 1 pm spatial resolution) to
elevate the sphere to an appropriate height for contacting the tape,
and maintain this position for a period of about 1 to 3 min for Cases 1
and 2, and several seconds for Case 3 to ensure full contact; and third,
retract the stage quickly to separate it from the sphere. The evolution
of the contact radius under the constant tensile loading (weight of the
sphere) was recorded using a microscope from the top and the “neck”
shape of the contact area was recorded using a camera from the side.
Each test was conducted at least three times to ensure the repeatabil-
ity. The contact area was extracted quantitatively using Image] and
MATLAB from the videos recorded by the microscope placed on top
of the adhesive. The maximum contact radii am,x measured during
the experiments are 0.69 mm for Case 1, 0.51 mm for Case 2, and
0.15 mm for Case 3. Consequently, the ratio of the maximum contact
radius amax to the film thickness / is less than 0.5, indicating that the
adhesive tape can be approximated as a half space (85).

Material parameters for theoretical predictions

The adhesive parameters between 3M-4910 VHB tape and glass (steel)
were determined b;l referring to the tape’s datasheet as 6,4, = 0.69 MPa,
Wwyq = 1(2.75) J/m*, k = 10.8, and o = 0.2 (0.5). The viscoelasticity of
the adhesive tape was described using a general Maxwell model char-
acterized by a parallel connection of a Hookean spring with a stiffness
of 1 MPa and two Maxwell elements, one with a stiffness and relax-
ation time of 8 MPa and 10* s and the other of 9 MPa and 10°s.

Supplementary Materials
The PDF file includes:

Sections S1 and S2

Table S1

Figs.S1and S2

Legends for movies S1to S5
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