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Abstract

Metamaterial design approaches, which integrate structural elements into material
systems, enable the control of uncommon behaviors by decoupling local and global
properties. Leveraging this conceptual framework, metamaterial adhesives incorpo-
rate non-linear cut architectures into adhesive films to achieve unique combinations
of adhesion capacity, release, and spatial tunability by controlling how cracks propa-
gate forward and in reverse directions during separation. Here, metamaterial adhesive
designs are explored with triangular cut features while integrating hierarchical and sec-
ondary cut patterns among primary nonlinear cuts. Both cut geometry and secondary
cut features tune adhesive force capacity and energy of separation. Importantly, the
size and spacing of cut features must be designed around a critical length scale. When
secondary cut features are greater than a critical length, then cracks can be steered in
multiple directions, going both forward and backwards within a primary attachment el-
ement. This control over crack dynamics enhances the work of separation by 1.5x while
maintaining the peel force relative to a primary cut. If hierarchical cut features are too
small or too compliant, they interact and do not distinctly modify crack behavior. This
work highlights the importance of adhesive length scales and stiffness for crack control

and attachment characteristics in adhesive films.



1 Introduction

The control of adhesion and release is critical for many applications, including diverse fields
ranging from manufacturing, electronic packaging, and robotics to wound management, con-
struction, and consumer products.!® Key adhesive attributes to enable such applications
include the ability to resist crack propagation for high adhesion capacity while promot-
ing crack propagation to enable release for recycling, object handling, and surface damage
control.” This control of crack dynamics often requires anisotropy in the system, where
programmed adhesive properties in different directions can facilitate control of bonding and
separation. Typically, adhesives face a trade-off between strong attachment and reversibility,
making it challenging to achieve both robust adhesion and easy release.® To overcome this
limitation, strategies such as tuning interfacial chemistry or incorporating surface features
can be used.!!? Additionally, utilizing dynamic materials at the interface can allow for
switchable adhesives, where the adhesive can be switched from a low to high adhesive state
through a prescribed trigger.!®* However, it may not always be possible to control the trig-
ger for activating adhesion or release, which can limit adhesion tunability to be functional
in only specific conditions.

To address these key issues, many works on creating reversible adhesives are focused
on controlling the contact geometry or the elastic properties of adhesive materials. For
example, micropillars with various geometries and aspect ratios can be patterned on the
adhesive layer to tune adhesion strength and toughness.’>?! Controlling adhesive geometry
or stiffness also tunes crack dynamics and adhesion performance. This is often achieved
through nano- to micron-scale surface features, passive variations of modulus with embedded
micro-channels or stiffening components, or actively, for instance, through pneumatic systems
that enable adhesive switching.!”182%23 At larger length scales, tuning contact stiffness to
control adhesion can be achieved by integrating stiff yet flexible fabrics into elastomeric

adhesives.?>?* Patterning elasticity by spatially integrating stiff components can also allow



for enhanced adhesion, where changes in adhesive stiffness can dictate crack propagation.25-28

29-34 wwhich can blunt

Adding incisions in films and substrates can serve a similar function,
and trap cracks to control adhesion.

An alternative approach to introduce anisotropy into adhesives is to leverage techniques
from metamaterial design. Linear cuts in adhesive films can enhance adhesion capacity by

31,32 Recently, we demonstrated a

10x while also enabling adhesion to deformable substrates.
strategy that provides strong and reversible adhesion, featuring directional and anisotropic
adhesive strength that can be selectively programmed within adhesive films through nonlin-
ear cut architectures or polygonal shapes.®> When peeled in one direction with a high global
peel angle, these nonlinear cuts trap and reverse crack propagation by decoupling the global
input into a local adhesive response (i.e., low local peel angle). The metamaterial adhesive
shows significantly enhanced adhesion on the order of 60x compared to the same material
without cuts, while enabling normal crack propagation for low adhesion when peeled in the
opposite direction. When utilized in intrinsically strong acrylic adhesive layers, adhesion ca-
pacity and adhesion toughness can be further increased to over 3000 N/m (J/m?). Notably,
these very strong metamaterial adhesives maintain directionality and reuseability. While
these metamaterial adhesives exhibited compelling performance across diverse materials,
surfaces, and environments, the crack behavior has primarily focused on distinct nonlin-
ear cut designs spaced apart above a characteristic length.?® Additionally, the combination
of microarchitectures and macroscopic nonlinear cut architectures can achieve conformal
attachment and simultaneous crack trapping across multiple scales for high capacity, pro-
grammable release, and reusability.?® However, the impact of altering the macroscale crack
path, for example, by the addition of sub-patterns and hierarchy within the nonlinear cut
architectures was not examined in our previous work. The incorporation of additional cut
features into metamaterial adhesives has the potential to broaden design possibilities and
applications by increasing adhesion control through systematic cut structures.

Here, we explore metamaterial adhesives through a systematic investigation of nonlinear



cut geometry and the role of interacting cuts with hierarchical cut structures. For discrete
cut features, we focus on triangular cut geometries, where we find that the interior angle
of the triangular cut plays a dramatic role in adhesive capacity and anisotropy. When cuts
are utilized in hierarchical structures, we find that the interaction between cuts can tune
the adhesive capacity as well as the energy required to release the adhesive film. While
metamaterial adhesives do not rely on specific chemistry, the choice of adhesive material and
backing stiffness can alter the characteristic length scale for design, making material choice
a control parameter for the size scale of cut features. This work provides insights into the
interplay between nonlinear cut regions, neighboring sub-patterns, and material properties

and geometry, and how these aspects influence crack behavior and adhesion characteristics.

2 Results and Discussion

2.1 Anisotropic Adhesion

The metamaterial adhesive consists of an adhesive layer with an inextensible polyethylene
terephthalate (PET) backing. We will focus on two different adhesives layers in this work
with different adhesive fracture energies, GG.. For low adhesion, we used an elastic poly-
dimethylsiloxane PDMS film (Sylard 184, G. = 2.8 J/m?) and for high adhesion, we used
a viscoelastic acrylic film (3M VHB, G, = 590 J/m?). By incorporating triangular cut pat-
terns into the adhesive film, the metamaterial adhesive is designed to achieve high adhesion
and easy release simultaneously in opposite peel directions within a single film (Fig. 1a). We
define the max-state as the condition where strong adhesion is achieved and the min-state
as the condition where easy release is achieved. High adhesion is attained in the max-state
direction by guiding cracks along the interconnects, arresting them at the tips, and forcing
them to reverse their propagation direction.?> Conversely, easy release is enabled in the min-
state direction by permitting cracks to propagate forward, a behavior commonly observed

in unpatterned adhesives, resulting in an adhesion directionality of ~ 30 for the low G,
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Fig. 1 Anisotropic adhesion in a metamaterial adhesive using triangular cuts. a)
High adhesion is achieved when the film is peeled in the max-state direction by trapping
the cracks and forcing them to reverse direction (red arrows) to propagate backwards. Easy
release occurs in the min-state peel direction by allowing for normal forward crack propaga-
tion (green arrows). b) Anisotropic adhesion is demonstrated by peeling the metamaterial
adhesive from an upper and the lower substrate. c) Peel force curves of the metamaterial
adhesive in the max and min peel direction. d) Image sequence showing adhesion anisotropy
during the peeling of a metamaterial adhesive with a layout of triangular cuts. Red and blue
dyes are added into the adhesive layer for visualization. In Fig 1, w;,, = 1 mm, N, = 5, and
the adhesive layer is the low G. PDMS adhesive.

PDMS adhesive. (Fig. 1c). We illustrate the directional dependence of adhesion and release
by reverse crack propagation through a metamaterial adhesive adhered to both an upper
and lower substrate and peeling it under 90° (Fig. 1b,d and Supplementary Video 1). The
triangular cuts in the adhesive film adhered to the upper substrate undergo reverse crack

propagation, while the film adhered to the lower substrate undergoes normal forward crack



propagation. Due to this difference in crack propagation behavior, the adhesive adhered to
the upper substrate remains bonded while it is released from the lower substrate, highlighting

the ability to tune adhesion and release capacity through nonlinear cut architectures.

2.2 Properties of metamaterial adhesive with varying triangular

cuts

To achieve optimal adhesion and release using nonlinear cuts, it is essential to carefully design
the shapes and dimensions of the cut patterns for a given set of materials. Unlike a typical
unpatterned adhesive film, which exhibits a linear crack front across its width during peeling,
metamaterial adhesives display a complex crack propagation profile. Consequently, adjusting
the cut designs influences how effectively nonlinear cuts control crack propagating, ultimately
determining adhesion capacity and release. The triangular cut pattern is characterized by its
width w, and its interior angle § (Fig. 2a). Each triangular cut is spaced w;,; apart within
each row, with a distance of s between rows along the peel direction. The total width w of
the adhesive remains constant throughout the experiments at w = 46 mm.

The interior angle g plays a large role in determining the crack behavior and the adhesion
enhancement as seen for the low G, elastic PDMS adhesive Fig. 2b and high G. viscoelastic
acrylic adhesive in Fig. S1. When [ is equal to zero, the cut is a straight line, creating
alternating stiff and compliant regions perpendicular to the width of the adhesive film. As
the crack line reaches the compliant region, it splits along each interconnect defined by the
linear cuts. Further loading arrests the crack at the tips that connect a stiff region. the max-
state adhesive strength (F},,,) enhances when the crack travels into the stiff region, followed
by a sudden interfacial failure. As [ is increased, the linear cut transitions to the onset
of a non-linear triangular cut pattern. At this point, reverse crack propagation begins to
occur and F,,, increases. Notably, once 3 reaches 45-60°, F,.., saturates and the geometry
achieves optimized adhesion enhancement similar to that exhibited by a triangular pattern

with § of 75° and a rectangular pattern (5 = 90°). In this case, the rectangle with 5 = 90°
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Fig. 2 Properties of metamaterial adhesive with varying triangular cuts. a)
Schematic diagram with relevant geometry of a metamaterial adhesive consisting of tri-
angular patterns. b) Max-state peak force values F,,, as a function of the prescribed angle
B of triangular patterns. (Note that § = 0° and 8 = 90° corresponds to linear and rectangu-
lar patterns, respectively.) c¢) Normalized peak force (Fiaz/Fmasrer) of triangular patterns
(B = 45°) as a function of the dimensionless geometric parameter 0.5w,/l.,. The reference
peak force (Finazrer) denotes the highest F,,, for a given 0.5w,/l., data set,and I, = 3.0
mm for this adhesive system. d-f) Max-state peak force F,,., min-state peak force F,;,,
and adhesion directionality F,u./EFmin of a collection of linear, triangular, and rectangular
patterns with varying angles and dimensionless geometric parameters, respectively. In Fig 2,
Wine = 1 mm and N, = 7, and the adhesive layer is the low G. PDMS adhesive.

was selected to have a height of w,/2, having equal height to a triangle with g = 45°.

The cut width w, is also important for achieving optimized adhesion enhancement (Fig. 2c).
When w, is changed for a given § of 45° with other dimensions fixed, the maximum force
(Finaz) initially increases as 0.5w, increases and then reaches a peak at a characteristic value.
This is plotted in Fig. 2¢ as Finaz/Fnazref, Where Fouqep denotes the highest F,,, for a
given 0.5w, /1., data set. The underlying mechanism involves transitioning between two dis-
tinct phases in reverse crack propagation. When 0.5w,, falls below a characteristic length l.,

cracks from adjacent interconnect tips merge prior to reaching F), .., leading to a diminished



force capacity. When 0.5w, is roughly equal to [, cracks originating from neighboring in-
terconnect tips do not intersect, resulting in circular delamination regions centered at each

interconnect tip and achieving optimum adhesion force. The characteristic length is given

by:

2Dwmt
L, = N*+1 2.1
=\ 2 it 1) 1)

where G, is the critical energy release rate, experimentally determined by peeling an
unpatterned adhesive strip (See Experimental section), D is the flexural rigidity of the ad-
hesive film, w is the total adhesive width, w;,; is the width of an interconnect, and N; is the
optimal number of cut patterns for achieving the highest F,q,. N, can be determined either
experimentally (i.e., the number of cut patterns that shows the highest F,,,,) or calculated
(see Supplementary Information in reference 35). The PDMS/PET film gives [, = 3.0 mm.
As 0.5w,, increases further, the adhesive force that peaks at the characteristic value decreases.
Although the cut geometry that exceeds the characteristic length achieves optimal adhesive
capacity at the level of each interconnect tip, a large w, limits the number of cut patterns for
a given total width w of the film. This results in a reduced number of individually optimum
cut patterns and diminished adhesive capacity.

To establish a design principle for metamaterial adhesives, we assess adhesion perfor-
mance in both the max and min peel directions across a wide range of 3 and w, values for
cut patterns. The optimum adhesion force in the max state (F,4,) is achieved when both
conditions § > 60° and 0.5w, /I, ~ 1 are satisfied (Fig. 2d). The observation aligns with the
findings in Fig. 2b, suggesting that triangular cut features perform similarly to rectangular
cut features when § > 60°. This similarity can be attributed to the fact that the centroid of
an isosceles triangle approaches the centroid of a rectangle of the same width for § = 70°,
resulting in similar bending rigidity. When either 8 < 30° or 0.5w,/l., < 1, the adhesive
strength is notably reduced, and in both cases, effective reverse crack propagation does not

occur.



In the min peel directions, the optimum adhesive force (F),;,) is achieved across an
entire set of triangular patterns (15° < § < 75°) (Fig. 2e). The value is comparable to the
steady-state adhesive strength of the unpatterned adhesive film, attributed to negligible crack
arresting in the vicinity of interconnect regions during normal forward crack propagation.
Fin 1s notably increased under two conditions: = 0° with 0.5w,/l.,, > 1 and 8 = 90°
with 0.5w,/l;, > 1. Both linear (f = 0°) and rectangular (8 = 90°) patterns have cuts
perpendicular to the peel direction, resulting in alternating stiff and compliant regions. When
the crack front crosses the stiff interface, it can be temporarily trapped, leading to increased
bending rigidity and contact width, which suppresses release capability.!

To determine the combinations of 5 and w, that achieve the highest adhesion direction-
ality, we compute F,4:/Fmin and find a ratio of 30 when both conditions 45° < g < 75°
and 0.5w,/l.;, ~ 1 are met (Fig. 2f). These conditions also maintain high F),,,, similar to
metamaterial adhesives with rectangular cuts, while enabling F),;, to approach the level of

an unpatterned adhesive film.

2.3 Effects of hierarchical cut patterns on adhesion

Optimal adhesion enhancement in metamaterial adhesives is achieved through the design
of both nonlinear cut architectures and interconnect structures, taking into consideration
the characteristic length. When the size of the feature is above [, the cracks do not merge
before reaching F,,,., resulting in the highest level of adhesion enhancement. These samples
exhibit reverse crack propagation and circular delamination around each interconnect tip,
showing that the crack path during the peeling of metamaterial adhesives is influenced the
cut shape and size. These enhancement mechanism involves the storage of mechanical energy
during reverse crack propagation, followed by rapid energy release and complete adhesive
delamination. This process leads to a peak in the peel force profile. During peeling of
metamaterial adhesives, the work of separation (W), which corresponds to the area under

the force-displacement curve, will also vary based on design. Consequently, adjusting the



crack dynamics beyond circular delamination centered at interconnect tips can provide an
approach to controlling the adhesion capacity and work of separation in a specific adhesive
material.

To investigate the effects of hierarchical and secondary cut patterns we created sam-
ples that consisted of primary triangular cut features with sub-patterns having dimen-
sions/spacings of size ly,,. The w, of the primary triangle is 5.33 mm and [, is 0.5 mm.
These are arranged as linear cuts (design i, ii, iii, iv) or hierarchical triangular structures
(design v, vi, vii) within the primary triangular feature as shown in Figure 3a. Within these
geometries, we vary G, through the adhesive layer and vary the bending rigidity D by chang-
ing the thickness of the PET backing layer, with both parameters impacting l.,. We vary
these parameters across three combinations such that: [, < [, with low G. and low D.
This uses a PDMS adhesive and a 0.07 mm PET layer resulting in [, = 3.0 mm. Iy, <l
with high G. and high D. This uses a viscoelastic acrylic adhesive and a 0.375 mm PET
layer resulting in [, = 3.3 mm. [, =~ [, with high G. and low D. This uses a viscoelastic
acrylic adhesive and a 0.07 mm PET layer resulting in /., = 0.44 mm. The combination of
low G, and high D is not feasible as [, is too large. For these geometries, we examine the
force profiles (Figure 3b) and work of separation W (Figure 3c) during peeling.

For I < lep, with low G, and low D, for sub-patterns with linear cuts (design, i, ii, iii,
iv, vii), or hierarchical features (design v, vi), we find that both F,,,, and W are reduced
compared to a pristine triangle reference without the sub-patterns (Fy igngie). The labyrinth-
like sub-pattern (design vii) decreases Fj,q, and W relative to the other architectures. When
examining the peel curves, all of these samples show a single, sharp force peak with a small
shoulder after the peak. We attribute this behavior to the interaction between the sub-
patterns and the cracks during crack propagation. As seen in Figure 3d and Supplementary
Video S2, as the crack front progresses from the base of the primary triangle, the crack
moves through the secondary feature without altering the behavior of the initial crack.

Therefore, these secondary features are not large enough to deflect the crack which reduces



Prlmary cut Seconddry cut

1.6
14l Lup < loy = Low G, Low D Displacement (mm) — 15 mm

— 1, =1, ~ High G, Low D
12f b

o 1L, <1, — High G, High D
® 10t - - - - - - = - - - - = — - - - - = - - = = — - - - — - — — — —

iiw bk Lk kLR R

TIPE

In-Contact

Delamination

l,<l,-LowG,LowD

In-Contact

Delamination

Delamination

\/ Primary cut A\ Secondary cut d - Delaminated {{Crack direction

Fig. 3 Effects of sub-patterns and hierarchy on adhesion characteristics. a)
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malized by the force of a pristine triangle (F iangiemaz) @s a function of displacement for
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high adhesion, viscoelastic acrylic film (3M VHB, G. = 590 J/m?). c¢) Normalized work of
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for the peeling of pattern v when Iy, < I, with a PDMS film and e) when Iy, > I, with a
3M VHB film. Scale bar is 5 mm. In Fig 3, wj,; = 2 mm and N, = 6.
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the effectiveness of the crack arresting behavior. Although reverse crack propagation is
maintained through the primary triangular feature, without additional crack deflection and
with a low bending rigidity, adhesion is reduced relative to pristine features.

For l4,p, =~ [, with high G. and low D, we find that F,,, and W are reduced compared to
a pristine reference without sub-patterns (Fjigngte). The peel curves also show a single sharp
peak during reverse crack propagation, but due to the high G. a force plateau is observed
in the area between cut patterns which then decreases as the crack moves through the
interconnects and approaches the next cut pattern. When examining the crack propagation
behavior for Iy, >~ [, pattern v, once the crack arrests at the interconnect tips, it begins to
propagate inward. However, it does not just propagate through the sub-pattern, but instead
is arrested and then must reverse direction again to fully delaminate the film (Figure 3e and
and Supplementary Video 2). However, with the lower bending rigidity D of the film the
redirection of the crack does not strongly influence the force profile, which is why W stays
consistent in the presence of the secondary patterns.

For lgup < lo, with high G, and high D (design, i, ii, iii, iv), we find that the peel curves
show a peak and then a coupled shoulder. For hierarchical features (design v, vi) we see
a sharp peak, a decrease, then an increasing force again in the area between cut patterns.
While F),.. still decreases for design, i, ii, iii, iv, vii, due to the shoulder after the primary
peak, W increases compared to the pristine sample. For hierarchical features (design v, vi),
Frae = Firiangle, while W has increased by 1.5x compared to the pristine sample. When
examining the debonding process for Iy, < [, with high G. and high D, we see that film
does not bend as readily as it did for the low D films (Figure 3f and Supplementary Video
2). Although s, < lop, the increased bending rigidity requires more energy to debond which
broadens the force profile as the cracks move through the secondary features and increases
W. These results highlight the importance of considering both [, and D for the design of
sub-patterns and primary patterns in metamaterial adhesives.

The performance of metamaterial adhesive films is impacted by sub-patterns. Figure 4a

11
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represent the pristine triangle directionality for each material. In Fig 4, w;,; = 2 mm and
N, = 6.

summarizes the F,q, enhancement ratio (Fuuz/Finaz triangle)- The results indicate that in all
cases examined in this work a pristine cut feature shows a larger F,,, than a cut feature with
sub-patterns. Designs v and vi show the highest F},,., which we attribute to the sub-pattern
being spaced as far as possible from the interconnect. This spacing allows the force to develop
before the crack reaches a sub-pattern during the initial crack growth at the interconnect
tip. Figure 4b summarizes the F;, ratio (Foin/Fmintriangle)- The results show that the

sub-patterns examined in this work increase the release force F),;,. Figure 4c summarizes

12



the adhesion directionality Fl,az/Fmin. As the sub-patterns tend to generally decreases F,q.
and increase Fj,;,, the adhesion directionality is reduced by adding sub-patterns relative to
a pristine cut feature. We note that designs v and vi show the most promising adhesion

directionality compared to pristine cut features.

3 Conclusion

In this work, we show that in metamaterial adhesives both the geometry of primary nonlinear
cut patterns and sub-patterns, along with material properties and film thickness, play signifi-
cant roles in influencing crack propagation behavior and, consequently, the resulting adhesion
performance. Carefully designed triangular patterns provide tunable adhesion enhancement
and directionality, offering a distinct functionality not attained by linear cut patterns or
unpatterned adhesives. Further, sub-patterns must be designed around the characteristic
adhesive length scale, [, and bending rigidity D. When the sub-pattern cuts or spacing
are smaller than [.,, they tend to decrease removal force and energy. However, sub-patterns
within films with higher bending rigidity can maintain removal forces while enhancing the
energy of separation by up to 1.5x. This points to the importance of cut design and material
choice for metamaterial adhesives, especially when secondary cut patterns or hierarchical
features are incorporated. As such, these metamaterial adhesives can serve as a versatile de-
sign strategy for controlling crack propagation and enhancing adhesion performance across

various applications and materials.

4 Experimental

Adhesive Fabrication

PET films (McMaster-Carr, £ = 2.6 £ 0.1 GPa) are patterned by laser cutting (Universal

Laser VLS4.60 Laser System 75W COs). A thin PDMS layer (Sylgard 184, 20:1 base resin-

13



to-crosslinker ratio; £ = 880 4+ 40 kPa, tppys ~ 120 pm) was then created on a glass plate
using a thin film applicator (ZUA 2000; Zehntner Testing Instruments) and cured at 80°C
for 60 min. Another thin layer of PDMS with the same mixing ratio was poured onto the
cured PDMS layer using a thin film applicator (tppys =~ 30 pm). We treated the cut PET
films with oxygen plasma (pressure : 300 mTorr, 3 min), attached them onto the uncured
PDMS prepolymer, and cured the composite at 80°C for 60 min. VHB adhesives were made
with 125 ym VHB and PET films (McMaster-Carr, £ = 2.6. They were laminated together
with a roller and then patterned by laser cutting (Universal Laser VLS4.60 Laser System
75W COs,).

Adhesive Characterization

We used a 90 ° peel test setup to measure the adhesion strength between an adhesive strip and
an acrylic substrate using an Instron 5944 mechanical tester at a constant displacement rate
of 1 mm/s. Before each run, the surface of each specimen was cleaned with isopropyl alcohol
and tape to remove residues. The adhesive strip was then placed on an acrylic substrate with
a rubber roller. A dwell time of 3 min was kept constant before performing each peel test.
The critical energy release rate G, of the adhesive was obtained by calculating the plateau
force of an unpatterned adhesive strip. We calculate the work of separation W, which is the
work done by external loading to separate the adhesive from the substrate per unit area,
m J 6? F(9)do. We take &g as the displacement where a reverse crack propagation starts

and 9, as the length of the cut pattern repeat unit s.
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