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Dynamically tunable interfacial dry adhesion plays a significant role in numerous biological functions and in-
dustrial applications. Among various strategies, pneumatics-activated adhesive devices draw much attention due
to their distinct advantages such as fast speed, reliable performance, large adhesion tunability and easily
accessible materials. To understand and predict adhesion strength of pneumatics-activated adhesives, it is
necessary to examine their interfacial mechanics that is nonlinearly coupled with the large deformation of the
devices under pressure. However, previous studies have only focused on axisymmetric cases in which the outline
of the contact area is circular, whereas the tunable adherence of non-circular contact controlled by pneumatics
remains elusive. In this work, through a combination of experiments and simulations, we study the effect of non-
circular contact geometry on tunable dry adhesion of pressure-activated soft hollow pillars. Specifically, ellip-
tical, square, and rectangular contact shapes are considered and their effects on tunable adhesion of the soft
hollow pillars are compared to that of circular contact geometry thoroughly. The results show that soft hollow
pillars with elliptical, square, and rectangular contact surfaces demonstrate rich interfacial delamination be-
haviors that depend on the contact outline geometry and internal pressure. Among all contact geometries,
elliptical contact has the highest adhesion tunability yet requires lowest activating pressure owing to the non-
uniform curvature distribution of the contact outline. However, when the eccentricity increases, the elliptical
contact has reduced tunability of adhesion caused by the contact of opposing sides of the sidewall upon buckling.
For square and rectangular contacts, they have the lowest adhesion tunability and need higher activating
pressure than those of circular and elliptical contact since the 90-degree edges of the sidewall prohibit buckling
instability. Our findings greatly broaden the design space of pneumatics-activated adhesive devices by adding the
contact geometry of the soft hollow pillars as a new design parameter, which can provide valuable guidance for
tunable adhesive design for various applications in manufacturing and robotics.

1. Introduction

The ability to dynamically regulate interfacial adhesion on demand
proves vital to numerous biological performance (Autumn et al., 2000;
Yao and Gao, 2006) and industrial applications including locomotion of
micro-robots (Wu et al., 2022), micro-transfer printing (Kim et al., 2010;
Meitl et al., 2006), robotic manipulation (Coulson et al., 2021; Luo et al.,
2022a), wound healing (Chen et al., 2022), etc. Of particular interest is
to realize tunable dry adhesion in an efficient manner. To address such a
challenge, there have been efforts in fabricating smart adhesive struc-
tures whose adhesive strength varies when subjected to external stimuli.
These designs exploit various forms of external stimuli including me-
chanical forces (Carlson et al., 2011; Deneke et al., 2023; Johannes et al.,
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2022; Zhang et al., 2022), magnetic field (Drotlef et al., 2014; Testa
et al., 2020; Wang et al., 2023; J. Zhao et al., 2022), electric current
(Mohammadi Nasab et al., 2022; Tatari et al., 2018), temperature
(Linghu et al., 2023, 2020), light (Ma et al., 2018; Wang et al., 2020),
etc. to change the shape, modulus, or surface morphology of the adhe-
sive devices to control adhesive strength. Among these activation stra-
tegies, pneumatics (air pressure) has its advantages including fast speed
(Swift et al., 2020), reliable performance (B. Haverkamp et al., 2021),
large adhesion tunability (Song and Sitti, 2014) and easily accessible
materials.

For pneumatics-activated adhesive devices, there are two major
working mechanisms. One is to rely on the “suction” effect in which
vacuum space is created above the target surface so that the adhesive
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device is pressed against the target surface through pressure difference
(Frey et al., 2022; Koivikko et al., 2021). The highest adhesion strength
due to suction is thus the atmospheric pressure (1 bar). Once the vacuum
seal is breached, the adhesion drops significantly. The other mechanism
utilizes dry adhesion between the target surface and a flat contact
membrane to generate high adhesion strength. Above the contact
membrane there exists an internal air chamber whose sidewall deforms
when the pressure inside the chamber changes. The deformation of the
sidewall and the contact membrane alters the interfacial stress distri-
bution and thereby changes the adhesive strength. The adhesion
strength of such a working mechanism is usually lower than that of the
suction cup design. However, since it does not require good sealing as
suction effect does, its adhesion performance is less sensitive to the
roughness and curvature of the target surface and thus attracts much
attention. To name a few, Carlson, et al. devised a microscale elasto-
meric stamp that can achieve ~ 50 x switching ratio using positive
pressure ~ 50 kPa (Carlson et al., 2012). Here, the term “switching
ratio” refers to the ratio of the highest over the lowest adhesion strength
of the device. In this study, the air pressure inflates the bottom contact
membrane and detaches the membrane from the target surface. A more
recent study by Swift, et al. used a combination of negative and positive
pressure in which positive pressure inflates the bottom membrane for
adhesion reduction and detachment while negative pressure enhances
adhesion through modulus regulation to further increase the switching
ratio to 1000x (Swift et al., 2020). Mimicking Gecko’s toe pad, Tian,
et al. employed pneumatics to inflate or deflate an array of enclosed
elastomeric chambers to pick and place flat objects (Tian et al., 2019). In
addition to these methods relying on the deformation of the contact
membrane subjected to internal pressure, a different strategy was pro-
posed by Mohammadi Nasab, et al. who made use of subsurface air
pressure to bend both the sidewall and contact membrane of the adhe-
sive device to regulate the interfacial stress distribution (Mohammadi
Nasab et al., 2020). The designed gripper can reach ~ 7 x change of dry
adhesion with a maximum adhesion strength up to 67 kPa. Most
recently, a novel concept named soft hollow pillars (SHPs) has been
introduced by Wan, et al. to realize two orders of magnitude change of
dry adhesion based on air pressure as low as ~ 10 kPa by exploiting shell
buckling instability (Wan et al., 2022).

The failure of dry adhesion can be explained using linear elastic
fracture mechanics models. The Griffith criterion states that the inter-
facial delamination initiates and propagates when the energy release
rate is equal to the critical energy release rate (Jagota and Hui, 2011).
Therefore, to understand and predict the adhesive behaviors of these
elastomeric adhesive structures, it is necessary to examine their contact
mechanics, which is affected by multiple factors including the work of
adhesion (Plaut et al., 2003), large deformation (Long and Hui, 2012),
elastomer thickness (Bartlett and Crosby, 2014; Wan and Duan, 2002),
curvature (Shi et al., 2011), interfacial cavitation (Areyano et al., 2021),
and stiffness (Minsky and Turner, 2017, 2015; Tian et al., 2022). To
address the complexities of such a highly nonlinear mechanics problem,
one efficient strategy is to calculate the energy release rate of the elas-
tomeric gripper through either theoretical analysis (Long et al., 2010;
Swift et al., 2020; Wahdat et al., 2021; Wan, 2001; Yang et al., 2023) or
numerical simulation (C. Zhao et al., 2022). The interfacial delamina-
tion is then determined by the Griffith criterion. In addition to the en-
ergy method, dry adhesion can also be predicted by analyzing the
contact stress distribution. The formation of interfacial cracks occurs
when local contact stress meets the failure criterion (Balijepalli et al.,
2016; Hensel et al., 2018; Luo et al., 2022b). For instance, Mohammadi
Nasab, et al. employed simulations based on finite element method
(FEM) to determine the contact stress distribution and explain adhesion
enhancement under internal positive pressure (Mohammadi Nasab
et al., 2020). Apart from contact stress analysis, one can also build an
interfacial cohesive model to monitor delamination. For instance, Wan,
et al. used cohesive interaction based on FEM to predict the adhesive
force and contact area evolution during interfacial delamination when

SHPs are activated by internal pressure (Wan et al., 2022). These studies
have predominantly focused on axisymmetric cases where the perimeter
of the contact surface is circular. However, the effect of the non-circular
shape of the contact outline on adhesive performance, which is inher-
ently a 3D problem, remains largely unexplored. The adoption of non-
circular contact surface for solid adhesive pillars offers certain advan-
tages such as high packing density (Luo et al., 2020; Xue et al., 2017),
easy fabrication (Murphy et al., 2009), good shape match between the
target object and the gripper (Meitl et al., 2006; Minsky and Turner,
2017), and directional adhesion (Cho et al., 2018; Kwak et al., 2011;
Wang et al., 2015). Therefore, investigating the non-circular contacts of
pneumatics-controlled adhesion not only deepens our understanding of
adhesive behaviors but also provides new design flexibility that can
potentially benefit the fabrication and application of such devices.

In this work, we focus on SHPs, which are a novel class of elastomeric
adhesive structures, and study their pneumatics-tunable adherence to
flat surfaces when the contact outline is elliptical, square, or rectangular,
in comparison with the circular case that has been studied before. As
shown in Fig. 1(a), a SHP features a tube-like sidewall with one end
sealed by a flat contact membrane and the other end connected to a
pressure source so that the internal pressure p can be controlled on de-
mand. Here, pressure is defined as the deviation from atmospheric
pressure. A positive (negative) pressure value signifies that the internal
pressure exceeds (is lower than) atmospheric pressure. The geometrical
parameters of a SHP include the height denoted as h, the thickness of the
top membrane denoted as t,, and the thickness of the sidewall and
bottom membrane denoted as t; and t;, respectively. We exemplify the
working principle based on a circular SHP. When the internal pressure is
zero, the SHP exhibits strong adhesion when adhered to a flat surface,
allowing for the successful lifting of an object from the substrate (Fig. 1
(a)). Releasing the object could be achieved through the application of
either positive or negative pressure. When positive pressure is applied,
the bending of the sidewall initiates interfacial delamination within the
contact area near the edge, leading to adhesion reduction. Conversely,
the application of negative pressure induces buckling instability in the
hollow pillar. The sidewall buckles inwards, forming two dimples that
face each other in space. Simultaneously, the bottom membrane deforms
into a saddle shape and detaches itself from the target surface. As a
result, the adhesion is significantly reduced due to the loss of contact
area.

The contour of contact is dictated by the shape of the contact
membrane, which can be circular, elliptical, square, or rectangular, as
illustrated in Fig. 1(b). The circular contact membrane has a diameter
represented by d, while the elliptical contact membrane is defined by the
semi-major axis, a, and the semi-minor axis, b. In the case of a square or
rectangular contact membrane, its length and width are denoted by [ and
w, respectively. Through a combination of experiments and finite
element simulations, we examine the adhesion strength and interfacial
delamination behaviors of these SHPs as internal pressure changes. The
results show that SHPs with all contact geometries exhibit rich interfa-
cial delamination behaviors, - and that the interfacial delamination
initiation location shifts as pressure changes (Fig. 1(b)). In general, for
all contact geometries, the delamination can start from the contact edge
or inside the contact area depending on the applied internal pressure.
Particularly, for circular or elliptical contacts, delamination can be
induced by buckling instability when internal pressure is negative with
large enough magnitude. However, such a behavior is absent in square
or rectangular contacts. For edge delamination, the initiation location
can be the vertexes or the co-vertexes in elliptical contacts, and the
corners or the midpoints of straight edges in square and rectangular
contacts. When internal pressure is positive and large enough, SHPs with
all contact geometries develop internal delamination. Regarding tunable
adhesion performance, it is found that the elliptical contact geometry
with small eccentricity has the optimal performance including the
highest adhesion tunability (~182 x ), the lowest activating pressure
(~8 kPa) and well-controlled buckling directions.
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Fig. 1. (a) Schematic illustrations of a SHP of circular contact geometry and its working mechanism for tunable dry adhesion under positive and negative pressure.
(b) Summary of interfacial delamination behaviors of SHPs with circular, elliptical, square, and rectangular contact geometries under negative and positive pressure.

The rest of the paper is organized as follows. Section 2 introduces the
experimental setup and simulation framework that are used to examine
the adhesive behaviors of SHPs. Section 3 and Section 4 present the
adherence SHPs of elliptical, square, and rectangular contact geome-
tries, respectively. Section 5 discusses the advantages and disadvantages
of circular, elliptical, square, and rectangular contact geometries in
terms of activating pressure, adhesion tunability and controlled buck-
ling behaviors. Some concluding remarks are provided in Section 6.

2. Research methods

The adhesion properties of the SHP against a flat substrate are
influenced by its geometric parameters, as exemplified in the circular
contact scenario (Wan et al., 2022). Consequently, to investigate the
effect of the contact outline’s shape on adhesion performance, the effects
of these geometric parameters should be controlled, and thus all sce-
narios in this study maintain consistent values for these dimensions: the
SHP has a fixed height of h = 6 mm, sidewall thickness t; = 0.8 mm,
bottom membrane thickness t, = 0.8 mm, and top membrane thickness
of t, = 2 mm. Furthermore, considering that the tensile force is primarily
carried by the sidewall when the contact membrane adheres to the
substrate, it is crucial to maintain consistency in the projected area of the
sidewall on the contact plane. This area can be approximated by the
product of the sidewall thickness, t;, and the circumference, c, of the
contact membrane. In the meanwhile, the adhesion strength is less
sensitive to other geometric parameters such as height h. Therefore, for a

fair comparison of contact shape effect on adhesion strength of SHPs, all
samples in this study are designed to have an identical circumference,
denoted as ¢ ~ 18.8 mm. These geometric parameters are chosen to
ensure good dimensional accuracy of 3D printed molds and facilitate
mold release in SHP fabrication. Using another set of geometric pa-
rameters can quantitatively change the adhesion performance. For
instance, the pull-off strength ¢, without applied pressure (p = 0 kPa)
and buckling pressure p, increase with a larger sidewall thickness t; and
smaller contact circumference c. However, the adhesion tunability, in
which we are mostly interested, stays consistent qualitatively. There-
fore, the chosen set of geometric parameters is sufficient to illustrate the
adhesion behaviors of SHPs with various contact shapes.

2.1. Experimental measurement of dry adhesion of SHPs

The SHPs used in this study are made of polymers vinylpolysiloxane
(VPS, Elite Double 8, Zhermack) and were fabricated through the mold
casting method. The mold’s geometry is precisely controlled through 3D
printing (Objet30 Prime, Stratasys). To minimize roughness of the
contact membrane and ensure optimal contact with a flat target surface,
the curing process involves pressing the contact membrane of the SHPs
against a glass piece with a smooth surface, as depicted in Fig. 2(a). Once
the SHP is successfully fabricated, it is affixed to a 3D printed fixture
using uncured VPS as glue. The fixture is then firmly attached to an
Instron Miro-Tester (Model 68SC1) that controls the movement of the
SHP and measures the interactive force with the substrate (Fig. 2(b)).
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Fig. 2. (a) Schematic illustration of the mold-casting fabrication of SHPs with different contact geometries. (b) Schematics and photo of experimental setup for
measuring adhesive force and capturing contact area evolution of a SHP. (¢) Geometric model and boundary conditions for FEM simulations. (d) Traction-separation

law in cohesive interaction for FEM simulations.

The Instron machine is equipped with a load cell featuring a measure-
ment precision of 1 mN and a capacity of 5 N.

To quantify the dry adhesion between the SHP and a flat glass sub-
strate, a specific experimental procedure is followed. The SHP first ap-
proaches the substrate with a constant velocity of 1 mm/min. The
motion stops when the compressive force between the SHP and the glass
substrate reaches 200 mN. This force threshold is chosen to ensure
proper contact between the contact membrane and the glass substrate,
as supported by previous work (Wan et al., 2022). Once the contact is
established, the SHP remains stationary for two minutes. During this
period, the internal pressure p is adjusted to a desired value, which is
measured using a digital manometer (range ~ 70 kPa, resolution 0.01
kPa). Positive pressure is applied using a pressure source, while negative
pressure is controlled through a syringe. Following the stationary
period, the SHP retracts from the glass substrate at a constant speed of
0.2 mm/min until complete detachment is achieved. Throughout the
retraction process, the internal pressure p is kept constant. The Instron
machine records both the location of the SHP, denoted as z, and the
interactive force with the substrate, represented as F, during the entire
test. The variable z is set as zero when the SHP first contacts the sub-
strate, and the force F is positive (negative) when the interaction be-
tween the SHP and the substrate is compressive (attractive) (Fig. 2(b)).
The pull-off force F,, used as a measure of adhesion strength, is deter-
mined as the maximum attractive force observed during the retraction
process. Accordingly, the pull-off strength o, is defined as the pull-off
force F, divided by the total area of the contact membrane. At least
three measurements are conducted for adhesion strength at each inter-
nal pressure level. Both the average and the standard deviation of the

pull-off force are reported. In addition to tracking the force-displace-
ment relationship, the contact area between the SHP and the substrate
during the separation is monitored using two LED lights positioned at
the lateral sides of the substrate. The phenomenon of light scattering
(Tinnemann et al., 2019) allows the adhered area to appear bright, while
the detached area appears dark. This technique enables the visualization
and analysis of the formation and propagation of interfacial delamina-
tion during the experiment. To calculate the switching ratio and acti-
vating pressure under both positive and negative pressure regimes, the
pull-off strength without pressure (p = 0 kPa) is used as the highest
adhesive strength, and the plateau value of the adhesion strength under
large enough pressure magnitude is used as the lowest adhesion
strength. Moreover, the activating pressure is taken as the lowest pres-
sure magnitude beyond which adhesion strength plateaus.

2.2. Modeling the adhesive behaviors using FEM

In addition to experimental measurement, FEM based on the com-
mercial software ABAQUS is employed to provide insight for the adhe-
sion behaviors of the SHP. Through simulations, we can quantitatively
examine the effects of deformations in the sidewall and the contact
membrane on adhesion strength and identify the contact stress distri-
bution that governs the initiation site of interfacial delamination.

3D finite element analysis is performed for all cases. Experimental
observations indicate that the SHP exhibits mirror symmetry during
both inflation and deflation with respect to the two principal planes. To
reduce computational cost, only a quarter of the SHP is modeled, and
symmetric boundary conditions are applied at the principal planes
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(Fig. 2(c)). This approach allows for a more efficient simulation while
preserving the essential characteristics of the SHP’s adhesive behaviors.

The VPS material is modelled using the incompressible Neo-Hookean
constitutive model. The parameters are set asC;p = 0.041 MPa,
D;=0 MPa !, obtained from experimental tensile testing on VPS. The
glass substrate is modeled as linear elastic with a Young’s modulus of
1000 MPa and a Poisson’s ratio of 0.3. To simulate the experimental
procedure, a dynamic implicit analysis is conducted, following the
approach-contact-retract sequence. The top surface of the SHP is clam-
ped to replicate its tight adherence to the 3D printed fixture. Meanwhile,
the rigid substrate is moved towards or away from the contact mem-
brane at a constant speed (Fig. 2(c)). The simulation parameters such as
the moving speed, contact force and contact time are kept identical to
those used in the experiment. It is worth mentioning that during the
“approach” step, a positive pressure with negligible magnitude (1 kPa) is
applied within the SHP to inflate the contact membrane a little so that an
intact contact can be formed with the substrate. The SHP is divided into
8-node linear hybrid elements with reduced integration (C3D8RH). The
mesh size is chosen as 0.05 ~ 0.075 mm at the contact interface after a
mesh convergence study. Further decreasing the mesh size at the
interface will change the adhesive force by less than 0.5 %.

To model the dry adhesion, we assigned the cohesive interaction
between the contact membrane and the glass substrate based on the
surface-surface contact formulation. This cohesive response is allowed
during repeated post-failure contact. Previous studies have demon-
strated the capability of cohesive interaction in modelling interfacial
adhesion (Hwang et al., 2023; Li et al., 2022) and friction (Cen and
Komvopoulos, 2023; Glover et al., 2023). Specifically, the adhesive
force between two contacting surfaces is described using a bi-linear
traction-separation law as depicted in Fig. 2(d). Details of the cohesive
interaction setup in ABAQUS can be found in Appendix A.
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3. Adhesion of elliptical contact

In this section, we explore the adhesive behaviors of SHPs with an
elliptical contact outline. Compared to circular contact, the introduction
of eccentricity to the contact outline breaks the rotational symmetry and
introduces new features in both sidewall deformation and dry adhesion.
Details of circular contact can be found in our previous work (Wan et al.,
2022) and Appendix B. We focus on two representative sets of geometric
parameters. Both cases have the same sidewall thickness (tf) and
circumference (c). However, they differ in eccentricity e with values of

0.64 and 0.87, and the eccentricity e is defined as 1/1 — (b/a)?, where a

and b are the semi-major axis and the semi-minor axis.

3.1. Elliptical contact with eccentricity e = 0.64

We first study the dry adhesion of an SHP of an elliptical contact
when its eccentricity e = 0.64. As demonstrated in the circular contact
case (Appendix B), the sidewall deformation plays a crucial role in the
adhesion performance. Thus, it is essential to first investigate the
deformation of an elliptical SHP to gain insights into its adhesive per-
formance. Quantitatively, we use simulations to extract the displace-
ment of two specific points on the sidewall when the internal pressure is
varied. At the same time, we put displacement constraint on the contact
surface of the bottom membrane as this interface is adhered to the target
surface. These specific points are positioned in the middle along the
height direction (z direction) and are located at the vertex (point A) and
co-vertex (point B) of the elliptical cross section of the SHP (Fig. 3(a)).
The displacement of point A along the x direction is denoted as u4y,
while the displacement of point B along the y direction is denoted as ug,.
As verification, we also perform simulation without adhered constraint
and compare it with the shapes of the SHPs under internal pressure in
experiments (Fig. 3(c)).

As shown in Fig. 3(a), when the internal pressure is positive, both

p=-2kPa
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Fig. 3. (a) Displacement of point A (vertex) along x axis u4 , and displacement of point B (co-vertex) along y axis ug, with internal pressure p in simulations. (b)
Relationship between pull-off strength ¢, and internal pressure p of a SHP with elliptical contact geometry (e = 0.64) in experiments (red circles) and simulations
(blue triangles). The plot is divided into four regimes based on interfacial delamination behaviors. (c) Deformation of an elliptical SHP with e = 0.64 under internal
pressure p = 16 kPa, —2 kPa and —8 kPa in simulations (left) and experiments (right). The scale bar is 1 mm.
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ua x and up,y are positive. This indicates that the sidewall of the elliptical
SHP bulges outwards at both its vertex and covertex positions. Partic-
ularly, the displacement at the co-vertexes ug, is larger than those at the
vertexes Uy x, which implies that the sidewall experiences more signifi-
cant bending around its co-vertexes under positive pressure. This phe-
nomenon becomes apparent in an example scenario when p = 16 kPa
(Fig. 3(c), left).

When the internal pressure p becomes negative, ug, becomes nega-
tive while u, , remains positive. Furthermore, the magnitudes of both
upy and uy , increase with higher pressure magnitudes (Fig. 3(a)). The
opposite signs of ugy, and ua x indicate that the sidewall bends inwards
around its co-vertexes while bending outwards around its vertexes.
Accordingly, two tiny dimples are formed in the sidewall as exemplified
when p = -2 kPa (Fig. 3(c), middle). It is important to note that this
deformation, characterized by the formation of dimples, is a result of the
SHP’s geometry rather than buckling instability as observed in a buckled
circular SHP.

The slope of the p - ug, curve becomes steep when the pressure
magnitude exceeds p. = 4 kPa, indicating the occurrence of buckling
instability (Fig. 3(a)). Upon buckling, the sidewall further collapses in-
wards around its co-vertexes, and the contact membrane deforms into a
saddle shape without the adhered constraint (p = -8 kPa, Fig. 3(c)). To
estimate the buckling pressure p. of an elliptical SHP, we assume that
buckling is initiated by the local deformation at the co-vertexes and
thereby depends on the local circumferential curvature. For a circular
SHP, the buckling pressure follows the scaling law p. ~ p>?2 when ma-
terial properties and other geometric parameters are held constant (Wan
et al., 2022), where p is the circumferential curvature of the sidewall’s
neutral surface. Based on this equation, the estimated value of p. is
approximately 5 kPa, which is close to the simulation results.

The non-uniform sidewall deformation of an elliptical SHP under
internal pressure has a significant impact on its adhesive behaviors. The
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relationship between the pull-off strength ¢, and internal pressure p is
presented in Fig. 3(b), revealing four qualitatively distinct interfacial
delamination behaviors (Figs. 4, 6). These behaviors are classified based
on the initiation locations of the interfacial crack, including the vertexes,
co-vertexes, or inside the contact area. Furthermore, the delamination
induced by the buckling instability is classified as a new behavior, as it
introduces new features in both delamination propagation and the p - 6,
relationship.

Edge Crack at Vertexes

When the internal pressure p is positive and lower than 20 kPa,
interfacial delamination initiates at the vertexes of the contact outline.
This edge crack is unstable and quickly propagates towards the whole
interface once it starts (p = 8 kPa, Fig. 4(a)). To determine the pull-off
strength, we extract the relationship between interactive force F and
SHP’s location z during the adhesion test in both experiments and
simulations. As shown in Fig. 4(a), during the adhesion test, the SHP first
approaches the substrate, and the interaction force F is compressive
(positive) and gradually increases as the location, z, decreases. After the
“approach” step, the SHP reaches a stationary state with a constant
location, z, and the internal pressure p is applied. As a result, the
compressive force continues to increase due to the applied internal
pressure. Finally, the SHP retracts from the substrate, resulting in an
increase in the location z. During this step, the interaction force F
transitions from compressive to attractive (negative). The magnitude of
the attractive force progressively increases until it reaches the pull-off
force, and then quickly decreases to zero as the interface fails quickly
when delamination begins. In this regime (0 kPa < p < 20 kPa), the pull-
off strength 6, exhibits a non-monotonic relationship with pressure p. In
experiments, ¢, initially decreases from 6.55 kPa to 4.24 kPa when the
internal pressure p increases from 0 kPa to 8 kPa. Then ¢, increases to
7.06 kPa when the pressure p further increases to 20 kPa.

The non-monotonic change of the pull-off strength with internal
pressure variation and the interfacial delamination behavior can be

Fig. 4. Force F - displacement z curve and contact area evolution during adhesion test in both experiment (red solid curve) and simulation (blue dashed curve) for
elliptical contact geometry (e = 0.64) under positive pressure, including (a) edge crack at vertexes (p = 8 kPa) and (b) internal crack (p = 24 kPa). The white dash line
marks contact outline in experiment in the first row, and the simulation is shown in the second row. The scale bar is 1 mm.
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explained by examining the contact normal stress distribution when
interfacial delamination starts. Specifically, we study three representa-
tive cases when p = 0, 8 and 16 kPa. As shown in Fig. 5(a), when p = 0
kPa, the contact normal stress is higher at the contact edge than inside
the contact area. Particularly, along the contact outline, contact stress is
highest at vertexes than other positions because vertexes have the
largest circumferential curvature and act like sharp corners in solid
pillars (Luo et al., 2020). When p increases to 8 kPa, the highest contact
stress remains at vertexes. However, the contact stress appears
compressive around the co-vertexes and inside the contact area (Fig. 5
(a)). Such contact stress distribution is caused by the non-uniform
sidewall bending. As seen in the circular contact (Appendix B), the
outward bending deformation of the sidewall reduces the contact stress
level at edge. In the meanwhile, for an elliptical SHP, its sidewall de-
forms the least around its vertexes. These two combined factors indicate
that vertexes have the highest contact stress along the contact outline.
Since the pull-off force is the integration of the contact normal stress
over the contact area, the existence of compressive stress suggests a
reduced pull-off strength.

As the internal pressure increases further to 16 kPa, the sidewall
bending becomes significant everywhere along the contact outline.
Accordingly, the formation of edge crack is delayed at both the co-
vertexes and the vertexes. At the same time, a ring-shape region with
high tensile stress is developed inside the contact area (Fig. 5(a)), and
the pull-off force increases. By examining the contact normal stress
distribution along the semi-major axis (Fig. 5(b)), we observed a tensile
contact stress peak near the edge when p = 16 kPa, reminiscent of cir-
cular contact under high positive pressure.

Inner Crack along the Minor Axes

When the internal positive pressure is higher than 20 kPa, interfacial
delamination begins to initiate inside the contact area rather than at the
edge (p = 24 kPa, Fig. 4(b)). In this case, the contact stress reaches its
peak at the minor axes near the co-vertexes since the sidewall bends
most significantly there (Fig. 5(a)). Once the internal crack is formed, it
first slowly grows within the ring-shape region with high contact stress
inside the contact area when the SHP retracts. Then it propagates to-
wards the contact edge, leaving only the central area adhered to the
substrate. Finally, the crack front spreads towards the contact area’s
center until the interface completely fails. Such a stable crack growth
suggests a smooth variation of interactive force F during the adhesion
test (Fig. 4(b)), and the pull-off strength o, decreases rapidly to a
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negligible value of 5, = 0.036 kPa when the internal pressure p increases
to 26 kPa in experiments (Fig. 3(b)). Using the adhesion strength with
zero internal pressure as the reference highest value of 6.55 kPa, the
switching ratio is calculated to be 182 x in the positive pressure regime,
and the activating pressure that triggers the sharp decline in adhesion
strength is 26 kPa.

Edge Crack at Co-vertexes

When the internal pressure is negative with a magnitude below the
buckling pressure (-4 kPa < p < 0 kPa), the interfacial crack initiates at
the co-vertexes and rapidly propagates throughout the entire contact
area (p = -2 kPa, Fig. 6(a)). Under negative pressure, the inward bending
of the sidewall facilitates edge delamination (Fig. B1(b)). Therefore, the
delamination starts at the co-vertexes because the sidewall deforms most
here. In this regime, the pull-off strength o, decreases slightly to 6.29
kPa as the pressure magnitude increases to 2 kPa (Fig. 3(b)) in
experiments.

Buckling-induced Edge Crack at Co-vertexes

Once the magnitude of the negative pressure surpasses the critical
value of p. = 4 kPa, the sidewall of the SHP buckles, which forces the
contact membrane to detach from the substrate. Since two dimples are
always formed around the co-vertexes, the interfacial delamination still
initiates at the co-vertexes. However, this buckling-induced delamina-
tion exhibits two distinct characteristics. First, the pull-off strength ¢,
decreases significantly with increasing pressure magnitude, dropping
below 0.036 kPa when p = -8 kPa (Fig. 3(b)) in experiments. This abrupt
decline in adhesion strength synchronizes with the steep slope of the p -
up, curve in Fig. 3(a), indicating that the adhesion is reduced due to the
sidewall collapse of the buckled SHP. Second, unlike the unstable
interfacial crack that quickly propagates in the third delamination type,
the crack propagates with two stages in this case. In the first stage, two
edge cracks form at the co-vertexes immediately upon the application of
pressure and they rapidly approach each other (p = -8 kPa). However,
the crack fronts do not meet in the middle of the contact area. Instead, a
thin elongated interfacial region develops along the major axis between
the two vertexes, remaining adhered (Fig. 6(b)). This behavior contrasts
with circular SHPs, where the two interfacial cracks merge (Fig. B2)).
Then the second stage begins as the interfacial crack becomes stable. As
retraction continues, this adhered region gradually becomes thinner. At
a certain moment, the two crack fronts finally meet each other rapidly
around the focus of the elliptical outline, splitting the adhered region. It
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Fig. 5. (a) Contact normal stress distribution over elliptical contact area (e = 0.64) when internal pressure p is 0 kPa, 8 kPa, 16 kPa and 24 kPa in FEM simulations.
(b) Contact normal stress distribution along the semi-major axis of elliptical contact area (e = 0.64) when internal pressure p is 0 kPa, 8 kPa and 16 kPa in FEM

simulations.
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Fig. 6. Force F - displacement z curve and contact area evolution during adhesion test in both experiment (red solid curve) and simulation (blue dashed curve) for
elliptical contact geometry (e = 0.64) under negative pressure, including (a) edge crack at co-vertexes (p = -2 kPa) and (b) buckling-induced edge crack (p = -8 kPa).
The white dash line marks contact outline in experiment in the first row, and the simulation is shown in the second row. The green box highlights the abrupt change

in force. The scale bar is 1 mm.

is also reflected in the z — F curve where a sudden change of interactive
force F is observed (Fig. 6(b), green box). As the retraction further
proceeds, the area of the adhered region shrinks until the entire interface
fails. Due to the contact area loss at the end of the first stage of interfacial
delamination propagation, the pull-off strength o, falls below mea-
surement precision in experiment (0.036 kPa). Accordingly, the
switching ratio is determined to be 182x, and the activating pressure is
identified as 8 kPa when the internal pressure is negative.

As depicted in Figs. 3-6, the FEM results have successfully captured
various experimental observations, such as the deformation of the SHPs,
the z - F relationship, the pull-off strength o,, and the evolution of the
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contact area. However, the simulated pull-off strength o, consistently
appears lower than the experimental measurements. This discrepancy
arises from the fact that chosen parameters in the cohesive interaction
model are unable to fully represent the dry adhesion observed in the
experiments. Given our intention to utilize simulation as a qualitative
tool to explain changes in adhesion and interfacial delamination be-
haviors, we did not engage in a trial-and-error process to adjust the
parameters in the cohesive interaction model for a quantitative match.
Such parameter calibration would involve significant computational
cost.
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Fig. 7. (a) Displacement of point A (vertex) along x axis us, and displacement of point B (co-vertex) along y axis ug, with internal pressure p in FEM simulations.
Inset is the self-contact of sidewall in FEM simulations (p = -8 kPa). (b) Relationship between pull-off strength o, and internal pressure p of a SHP with elliptical
contact geometry (e = 0.87) in experiments (red circles) and simulations (blue triangles). The plot is divided into four regimes based on the interfacial delamina-

tion behaviors.
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3.2. Elliptical contact with eccentricity e = 0.87

To examine the consistency of these adhesive behaviors, we study
another elliptical contact configuration with a larger eccentricity, e =
0.87. Following the same investigation paradigm as before, we begin by
characterizing the sidewall bending under internal pressure. Fig. 7(a)
shows the results obtained from simulations for displacement of two
points on the sidewall (point A, vertex; point B, co-vertex) under internal
pressure. It can be observed that the sidewall bends outward around the
co-vertexes under positive pressure, as indicated by the positive
displacement, ug,. However, around the vertexes, the sidewall bends
inwards when the positive pressure is low (u4 x is negative). Only when
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the positive pressure exceeds a certain threshold (p > 16 kPa) does the
sidewall begin to bend outward.

Because of the increased eccentricity, the buckling pressure p. is
further reduced to 1.8 kPa through theoretical estimation. Therefore, the
slope of the p - ug, curve exhibits a rapid increase when the pressure p
becomes negative due to the early onset of buckling instability (Fig. 7
(a)). Before buckling, the sidewall still bends inward around the co-
vertexes while bending outward around the vertexes (p = -1 kPa,
Fig. C1), similar to the behavior observed in the elliptical SHP with e =
0.64. As the pressure magnitude increases, both us, and ug, rapidly
reach plateaus when p = -6 kPa. At this stage, the two dimples of the

Fig. 8. Force F - displacement z curve and contact area evolution during adhesion test in both experiments (red solid curves) and simulations (blue dashed curves) for
elliptical contact geometry (e = 0.87). Four interfacial delamination behaviors are (a) edge crack at vertexes (p = 8 kPa), (b) internal crack (p = 20 kPa), (c) edge
crack at co-vertexes (p = -1 kPa), and (d) instability-induced interfacial crack (p = -8 kPa). The white dash curve makes elliptical contact outline in experiment in the

first row, and simulation is shown in the second row. The scale bar is 1 mm.
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buckled SHP begin to touch each other, preventing further bending of
the sidewall, as demonstrated in the inset of Fig. 7(a) when p = -8 kPa.
This early occurrence of sidewall self-contact comes from the short
minor axis of the elliptical outline.

The presence of a larger eccentricity in an SHP introduces new fea-
tures to its adhesion behaviors. While the same four interfacial delam-
ination behaviors are observed (Fig. 8), the relationship between
pressure p and pull-off strength o, displays a distinct trend (Fig. 7(b)).
Specifically, in the regime where delamination initiates at the vertexes
(0 kPa < p < 16 kPa, Fig. 8(a)), o, keeps decreasing from 5.54 kPa to
1.47 kPa as p increases from 0 kPa to 16 kPa in experiments, which is
different from the non-monotonic variation observed when e = 0.64.
The underlying reason is that the sidewall bends inward rather than
outward at the vertexes when p < 16 kPa. Therefore, the interface is
always weakened at the vertexes by sidewall bending, leading to a
reduction in pull-off strength. When p > 16 kPa, the interfacial delam-
ination starts inside the contact area near the co-vertexes as the contact
stress becomes highest there (Fig. 8(b), Fig. C2). Similar to the elliptical
contact with e = 0.64, the internal crack propagates slowly with
retraction and o, is reduced below 0.043 kPa when p is raised to 24 kPa
in experiments, leading to a switching ratio of 129 x.

Due to the low buckling pressure p,, the third interfacial behavior, in
which delamination starts at co-vertexes (p = -1 kPa, Fig. 8(c)), exists
within a narrow range of internal pressure (-2 kPa < p < 0 kPa). In this
regime, o, slightly decreases with pressure magnitude increase (Fig. 7
(b)) under the same reason as elliptical contact with e = 0.64. When
internal pressure reaches the buckling pressure p. ~ 2 kPa, ¢, begins to
drop significantly (Fig. 7(b)). However, unlike the previous case in
which ¢, is reduced below measurement precision, in this case, o, rea-
ches a plateau around 0.56 kPa when p = -6 kPa, and further raising
pressure magnitude does not help decrease adhesion strength anymore
as measured in experiments. Accordingly, the switching ratio using
negative pressure becomes low as 10 x. This ineffectiveness in reducing
adhesion strength comes from the limited deformation of both sidewall
and contact membrane, which results from the sidewall self-contact. As
a result, the contact membrane has less tendency to detach itself from
the substrate. As shown in Fig. 8(d) when p = -8 kPa, once the buckling
begins, only a small portion of contact area is lost near two co-vertexes,
and a wide, long region remains adhered along the major axis. This
adhered region can bear attractive force to some extent, leading to a low
switching ratio.

4. Adhesion of SHPs with square and rectangular contacts

In this section, we investigate the adhesive behaviors of SHPs with a
square or rectangular contact outline. One distinct feature of SHPs with
a square or rectangular contact is the presence of 90-degree sharp cor-
ners along the contact outline and 90-degree sharp edges in the sidewall,
which are absent in both circular and elliptical contacts. Previous studies
have demonstrated that 90-degree sharp corners along the contact
outline promote contact stress concentration (Luo et al., 2020). There-
fore, it is expected that, when no pressure is applied, interfacial
delamination should initiate at the corners. In addition to sharp corners,
a square or rectangular SHP also possesses 90-degree sharp edges in its
sidewall. The influence of these sharp edges on the sidewall’s defor-
mation under internal pressure and their subsequent impact on the ad-
hesive behaviors remain unknown. The following subsections aim to
address these questions.

4.1. Square contact

We begin by examining square contact outline with | =w = 4.71 mm.
Constrained by four 90-degree sharp edges, the four facets of the side-
wall either bend outward or inward under positive or negative pressure
in the same manner, respectively, as demonstrated in both experimental

observations and finite element simulations (Fig. 9(c)). Furthermore, the
sidewall exhibits a greater tendency to bend around the center of the
facets than the 90-degree sharp edges. To quantitatively analyze this
behavior, we utilize simulation to extract the displacement of the facet’s
center A along the x direction uy , with adhered constraint applied. As
shown in Fig. 9(a), the smooth variation of us , with internal pressure p
suggests that SHPs with a square contact do not undergo buckling
instability under negative pressure. Instead, the four facets only deform
locally. This behavior contrasts sharply with circular or elliptical SHPs.
At the same time, constrained by four 90-degree sharp edges, a square
SHP has smaller sidewall deformation than an elliptical SHP in terms of
displacement magnitude. These unique characteristics play a pivotal
role in determining the adhesion of SHPs with square contact. The
relationship between the pull-off strength ¢, and internal pressure p is
shown in Fig. 9(b). Three types of interfacial delamination behaviors are
observed. Specifically, delamination can initiate at the corners, at mid-
points of four straight edges, or inside the contact area.

Corner Crack

When internal pressure is positive and below 16 kPa (p = 8 kPa,
Fig. 10(a)), the interfacial delamination initiates at the four corners and
propagates towards the center of the contact area. The propagation
speed is fast once the delamination starts. To gain further insights, FEM
simulations are conducted and the contact stress distribution when
delamination starts is examined. As illustrated in Fig. 11(a), without any
internal pressure (p = 0 kPa), the highest tensile contact stress is
observed at the four corners, resembling square contact of solid pillars
(Luo et al., 2020). However, when internal pressure is applied (p = 8
kPa), aring-shape region with high tensile contact stress forms inside the
contact area (Fig. 11(a)). This enclosed region increases the overall
interfacial adhesive force when the contact stress at corners reaches the
interfacial failure criterion, consistent with the adhesion enhancement
observed in circular and elliptical contacts under positive pressure. As a
result, the pull-off strength ¢, exhibits a monotonic increase from 4.53
kPa to 8.00 kPa measured in experiments within this pressure range.

Internal Crack

As the internal positive pressure is further increased beyond 16 kPa,
the ring-like inner region with high tensile contact stress expands to-
wards the center of the contact area, and the contact stress along the
contact outline becomes compressive (p = 24 kPa, Fig. 11(a)). In this
pressure regime, the pull-off strength keeps decreasing until it falls
below 0.045 kPa when p reaches 24 kPa in experiments. The switching
ratio is thus calculated as 100 x. Furthermore, the delamination initi-
ation site shifts from the corners to locations inside the contact area.
Specifically, the interfacial crack initiates in a region close to the corners
and then propagates slowly through the inner ring-shape region with
retraction, as observed in both experiment and simulations (p = 24 kPa,
Fig. 10(b)). After the ring-shape region is detached, the front of the
interfacial crack steadily spreads towards the four edges and the center
of the contact area with continuing retraction before the complete
interfacial failure.

Crack at Midpoints of Edges

Under negative internal pressure, the four facets of the sidewall
collectively bend inward, exerting a detaching moment on the contact
membrane at the contact edge. Since the facet deforms more around its
center than its 90-degree sharp edge, it is expected that the delamination
initiation site shifts from the corners to positions near the midpoints of
the four straight contact edges. Indeed, the contact normal stress dis-
tribution along the edges when the interfacial delamination begins
shows that the highest contact normal stress appears close to the mid-
points (p = -12 kPa, Fig. 11(b)-(c)). Consequently, the interfacial
delamination initiates close to the midpoints of the four edges as
observed by both experiments and simulations (p = -12 kPa, Fig. 10(c)).
As the retraction process continues, the crack fronts spread along the
contact outline and meet each other at the corners. This merging of
cracks at the corners results in a sudden change in the interactive force F,
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Fig. 9. (a) Displacement of center A of one facet along x axis us, with internal pressure p in FEM simulations. (b) Relationship between pull-off strength ¢, and
internal pressure p of square contact in experiments (red circles) and simulations (blue triangles). The plot is divided into three regimes based on interfacial
delamination behaviors. (¢) Deformation of a square SHP with I = w = 4.71 mm under internal pressure p = 24 kPa and —12 kPa in simulations (left) and experiments

(right). The scale bar is 1 mm.

observed in both experiment and simulations (Fig. 10(c), green box).
After the interface fails along the square contact outline, the interfacial
crack front continues to propagate towards the center until the interface
experiences total failure.

Impacted by the sidewall bending, the pull-off strength experiences a
consistent decline as the pressure magnitude increases. However, it is
observed that o, levels off at around 0.88 kPa when the pressure
magnitude surpasses 12 kPa (Fig. 9(b)) in experiments. Such a low
switching ratio of 5 x is attributed to the absence of buckling instability
caused by the 90-degree sharp edges. Consequently, the square SHP
solely relies on the local deformation of its sidewall to assist in detach-
ment of the contact membrane from the substrate, thus lacking the po-
tential for significant reduction in adhesion strength.

4.2. Rectangular contact with l/w = 1.3

Square contact geometry introduces distinctive adhesive character-
istics due to the presence of 90-degrees sharp corners and edges, setting
it apart from circular or elliptical contacts. However, its deformation
and contact delamination keep 90° rotational symmetry due to the equal
length [ and width w. To expand the design space and explore the in-
fluence of side length ratios I/w on adhesion, we extend our investiga-
tion to rectangular contact geometry with a specific ratio of I/w = 1.3.
To maintain a consistent circumference c, we select length [ and width w
values as [ = 5.5 mm and w = 3.92 mm, respectively.

The simulations show that the sidewall of a rectangular SHP bends
outwards/inwards under internal positive/negative pressure, and the
long facet experiences more deformation than short facet in the absence
of 90° rotational symmetry (Fig. C3, Fig. C4(a)). Nevertheless, in the
negative pressure regime, the rectangular SHP does not buckle globally,
similar to the square SHP. When p < -10 kPa, the sidewall deformation
halts as the two long facets contact each other (p = -12 kPa, Fig. C4(a),
inset).

The same three interfacial delamination behaviors are also observed
when the aspect ratio I/w = 1.3 (Fig. C4(b)). Within the pressure range 0

kPa < p < 16 kPa, the initiation of delamination takes place at the
corners of the contact outline, and the interfacial crack quickly propa-
gates toward the central region of contact area (p = 8 kPa, Fig. C5(a)).
Within this range of internal pressure, the pull-off strength ¢, initially
increases with increasing pressure and then reaches a plateau around 8
kPa when the pressure p exceeds 4 kPa, in contrast with the monotonic
trend in the square contact case. When the internal pressure is beyond
16 kPa, the delamination initiation site shifts to locations inside the
contact area (p = 20 kPa, Fig. C5(b)). The interfacial cracks form at
locations near the corners, followed by their propagation along the ring-
shape region with high tensile contact stress. Then the crack front ex-
tends across the remaining contact area until the interface fails. In this
regime, the pull-off strength o, begins to decrease with increasing
pressure and drops below 0.0464 kPa when the pressure reaches 28 kPa
in experiments. Consequently, the dry adhesion switching ratio is
calculated to be 143 x.

The third interfacial delamination behavior appears when the in-
ternal pressure is negative. In this case, delamination initiates around
the midpoints of the two long edges since the long facets bend more
significantly than the short facets (Fig. C5(c)). Due to the sidewall
bending, 6, exhibits a continuous decrease in magnitude as the negative
pressure magnitude increases. Ultimately, o, reaches a plateau value of
1.02 kPa in experiments (Fig. C4(b)), resulting in a switching ratio of 7
x. Similar to the square SHP, the rectangular SHP with I/w = 1.3 has a
limited capacity in reducing adhesion strength through the application
of internal negative pressure because of the absence of buckling
instability.

5. Performance overview

In this section, we summarize and compare the tunable adhesion
performance of SHPs with circular, elliptical, square, and rectangular
contact geometries. The aim is to identify the best candidate that can
effectively achieve reversible dry adhesion. Our analysis mainly focuses
on key tunable adhesion performance metrics including adhesion
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Fig. 10. Force F - displacement z curve and contact area evolution during adhesion test in both experiment (red solid curves) and simulation (blue dashed curves) for
square contact geometry. Three interfacial delamination behaviors are (a) edge crack at corners (p = 8 kPa), (b) internal crack (p = 24 kPa), and (c) edge crack at
midpoints of four edges (p = -12 kPa). The white dash line marks contact outline in experiment in the first row, and simulation is shown in the second row. The green

box highlights the abrupt change of interactive force F. The scale bar is 1 mm.

strength, switching ratio, and activating pressure, as these metrics are
essential for various applications, including tasks such as pick-and-place
operations (Table 1). To ensure consistency, we have selected the
adhesion strength value at zero internal pressure (p = 0 kPa) to evaluate
the adhesion strengths of the SHPs with various contact geometries. All
data is based on experimental measurement.

As summarized in Table 1, it becomes evident that the choice of
contact geometry for the SHPs exerts minimal influence on the adhesion
strength when the sidewall thickness t and contact circumference c are
held constant. Across all considered contact geometries, SHPs exhibit a
relatively uniform adhesion strength o, of approximately 5 kPa
(4.66-6.63 kPa). Upon the application of positive pressure, SHPs of
different contact geometries achieve adhesion switching ratios spanning
two orders of magnitude. However, the required activating pressure
magnitude is substantially higher compared to the negative pressure
scenario (~10 kPa vs. ~ 20 kPa). In addition, under negative pressure
only circular or elliptical contacts with low eccentricity (e.g., e = 0.64)
can achieve switching ratios of two orders of magnitude owing to
buckling instability. However, for SHPs with elliptical contacts with

larger eccentricities (e.g., e = 0.87), the presence of self-contact in their
sidewalls upon buckling hampers their efficacy in reducing adhesion
strength, and thus leading to much lower adhesion switching ratios. For
SHPs with square and rectangular contacts, the absence of sidewall
buckling instability due to the 90-degree sharp edges contributes to their
limited adhesion switching ratio under negative pressure.

The above analysis based on data summarized in Table 1 underscores
the superiority of circular and elliptical (with small eccentricity) contact
geometries for SHP design, given their impressive combination of a high
adhesion switching ratio and a low activating pressure. However, it’s
worth emphasizing that the introduction of eccentricity to the contact
geometry offers an additional advantage, namely, the ability to control
sidewall buckling direction under negative pressure. For a SHP with
elliptical contact, buckling dimples are always formed at its co-vertexes.
In contrast, for a circular SHP, the formation of buckling dimples is
sensitive to random defects introduced by the manufacturing process or
misalignment during adhesion pull-off, and thereby is also random. This
aspect gains particular significance when multiple SHPs are organized
into patterns.
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Fig. 11. (a) Contact normal stress distributions over square contact area when
internal pressure p is 0 kPa, 8 kPa and 24 kPa in FEM simulations. (b) Contact
normal stress distribution over square contact area under negative pressure p =
-12 kPa in simulations. (c) Contact normal stress distribution along one edge (x
axis) when internal pressure p = -12 kPa in simulations.

Table 1
Adhesion strength 6, (p = 0 kPa), switching ratio and activating pressure of
circular, elliptical, square, and rectangular contact geometry.

Contact op(kPa)  Switching Activating Switching Activating
Geometry =0 Ratio (p < Pressure Ratio (p > Pressure
kPa) 0 kPa) (kPa) 0 kPa) (kPa) (p >
(p < 0 kPa) 0 kPa)
Circular 4.66 131x -10 131x 20
Elliptical (e 6.55 182x -8 182x 26
= 0.64)
Elliptical (e 5.54 10x -6 129x 24
=0.87)
Square (I/w 4.53 5x -12 100x 24
=1)
Rectangular 6.63 6x -10 143x 28
uw =
1.3)

As evidence, we conduct FEM simulations to study the scenario of
four circular SHPs arranged in a 2 x 2 pattern. Each SHP has dimensions
ofd =6 mm, h =6 mm, ; = t, = 0.8 mm, t, = 2 mm. The distance
between centers of adjacent SHPs is set to be 9 mm. Under negative
pressure (p = -10 kPa), these circular SHPs undergo sidewall buckling,

0.14

0

and intriguingly, the buckling directions of adjacent SHPs are perpen-
dicular to each other (Fig. 12(a)). The underlying reason is that the
buckling dimple in a circular SHP generates a region with high stress
magnitude in the top membrane. If two neighboring circular SHPs have
identical buckling directions, these high-stress regions will intersect,
leading to much increased elastic energy of the system. Consequently, a
configuration where the adjacent dimples avert facing each other
evolves as the preferred state, thereby resulting in non-uniform, un-
predictable buckling directions for the assembled circular SHPs. How-
ever, for SHPs with elliptical contact geometries under the same
negative pressure (p = -10 kPa), their assembly exhibits a uniform
buckling direction. This uniformity can be attributed to the pre-
determined locations of buckling dimples at the co-vertexes of the
elliptical contacts (Fig. 12(b)). While it’s true that two adjacent dimples
face each other in this scenario, it is still energetically favorable for the
assembled system of SHPs. This uniformity in buckling direction could
offer distinct advantages in applications such as large-scale, parallel
pick-and-place operations, as it ensures that the interfacial crack initi-
ation site remains consistent for each object, potentially streamlining
and optimizing the process, and increasing the spatial accuracy of object
placement.

Another important observation to note is that an elliptical SHP needs
roughly the same activating pressure as that of a circular SHP under
internal negative pressure. This is in contrast with the fact that the
buckling pressure p, of an elliptical SHP (~4 kPa) is much lower than
that of a circular SHP (~10 kPa). Despite the lower pressure required for
an elliptical SHP to initiate sidewall buckling, the resulting elastic force
generated by the contact membrane at this initiating pressure is insuf-
ficient to detach it from the substrate. Therefore, the application of a
much larger pressure magnitude than its initial buckling pressure be-
comes necessary to achieve a substantial reduction in adhesion strength.

6. Conclusion

In this work, through a combination of experiments and finite
element modelling, we examine the adhesive behaviors of SHPs with
various contact geometries including elliptical, square, and rectangular
and compare them with circular SHPs. The findings reveal that, for SHPs
with identical sidewall thickness and contact circumference, the adhe-
sion strength remains relatively consistent across different contact ge-
ometries. Under positive pressure, SHPs with all contact geometries
exhibit a switching ratio of two orders of magnitude, although the
activating pressure required is higher than that under negative pressure.
Under negative pressure, SHPs with circular and elliptical contact ge-
ometries demonstrate switching ratios of two orders of magnitude,
owing to the sidewall buckling instability. However, as the eccentricity
of the elliptical contact geometry increases, the switching ratio de-
creases significantly because of the contact of the buckling dimples.
Conversely, SHPs with square or rectangular contact geometry exhibit

Mises (MPa)
0.12

0

Fig. 12. FEM simulation results for buckled SHPs of a 2 x 2 pattern with (a) circular and (b) elliptical contact geometries.
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limited adhesion switching ratio under negative pressure due to the
absence of buckling instability. A comparative analysis between circular
and elliptical (small eccentricity) contact geometries reveals similar
adhesion strength, activating pressure, and switching ratio. However, a
unique advantage becomes apparent when considering elliptical ge-
ometry for patterned assemblies of SHPs. Unlike circular SHPs, elliptical
SHPs exhibit uniform buckling direction when arranged in patterns. This
feature could prove advantageous for large-scale pick-and-place
operations.

The significance of this work extends beyond its immediate scope. By
unravelling the intricate nonlinear effects of sidewall and contact
membrane deformations of SHPs with various contact geometries under
internal pressure, this study enriches the design possibilities of SHPs.
Furthermore, the insights gained herein could catalyze advancements in
related domains such as transfer printing, robotic locomotion, and
manipulation, where the choice of contact geometry can wield sub-
stantial influence. In sum, this investigation contributes profoundly to
the evolving landscape of soft adhesive structures and their practical
applications.
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For a pair of nodes that become separated, the projection of their displacement along the normal and two tangential directions are denoted as &, Js
and &, respectively (Fig. 2(d)). Here, the subscripts n, s and t correspond to the components in the normal and two tangential shear directions,
respectively. Prior to the initiation of interfacial damage, the interfacial traction stress is linearly related to the separation in an uncoupled manner as:

Ty = K6y
7y = Ky6;
7, = K6,

(A1

where 7,,, 75 and 7, are the normal and shear components of the interfacial traction, and Ky, Kss and K, are the stiffness along the normal and two
tangential directions. In our model, we choose K,,;, = 4 MPa/mm, K;; = K;; = 6 MPa/mm. As the magnitude of the interfacial traction keeps increasing,
it will meet the criterion of damage initiation, after which the cohesive response begins to degrade before the bonding totally fails. The quadratic
traction criterion is chosen, which specifies that the damage is initiated when

T, 2 Ty 2 T, 2
&) @) @) - 2

where the terms 70 = 0.02 MPa, 70 = ¥ = 0.03 MPa in the simulation. After the damage initiation criterion is reached, the cohesive interaction is
degraded following the damage evolution law as

7, = (1-D)7,
7, = (1-D)7;,
7, =(1-D)7; (A.3)

where D is the scalar damage variable that evolves from 0 to 1 as the degradation evolves from damage initiation to total failure. 7,, 7; and 7; are the
contact normal and shear stresses predicted by the linear elastic traction-separation law based on the current separation without damage. By defining

the effective separation &, as sm=1/(62)> + (6:)* + (6;)?, the scalar damage variable is defined as

5 ( smax _ 50)
A ot
(0~ ) o

m

where 6/, = 0.01 mm is the effective separation at complete interfacial failure, 6%, is the effective separation at the damage initiation, and 6m% is the
maximum value of the effective separation during the loading history. To help convergence during the interfacial delamination, we assign the viscosity
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coefficient as 0.01. For other contact properties, the normal contact is set as “hard” contact while the tangential behavior is frictionless. For the general
contact kinematics, we set the sliding formulation as finite sliding while the discretization method is chosen as “node-to-surface”. As will be shown
later, in addition to the contact between the contact membrane and the substrate, the sidewall will have self-contact driven by internal pressure. In
these situations, a general contact formulation is employed by predefining the surface pairs, and the contact properties are configured to be hard
normal contact without friction. The cohesive interaction is not set up for these interactions to reduce computational cost.

Appendix B. Adhesion of circular SHPs

The adhesive behaviors of circular SHPs are introduced for convenience. We made another batch of samples so the experimental measurement is
slightly different from our previous report (Wan et al., 2022). The relationship between o, and p is shown in Fig. B1(a), and three types of delamination
behaviors are identified.

The first type is edge crack (- 10 kPa < p < 16 kPa, Fig. B1(c), middle). In this regime, o, increases from 3.63 kPa to 5.4 kPa when p increases from
—8 kPa to 14 kPa in experiment. This pull-off strength enhancement results from the sidewall bending that effectively changes the distribution of
contact stress. When negative internal pressure is applied, the sidewall bends inwards, which facilitates the opening of interfacial cracks at the edge of
the contact area (Fig. B1(b)). However, when internal pressure p is positive (p = 12 kPa), the sidewall is inflated outward, exerting a bending moment
on the bottom membrane at the edge. This bending moment suppresses the tensile contact normal stress at the edge while generating a new peak of
tensile normal stress near the edge (Fig. B1(b)). Evidence can be found in contact normal stress distribution along the radial coordinate r in simulations
(Fig. B1(c), middle).
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Fig. B1. (a) Relationship between pull-off strength ¢, and internal pressure p of a circular SHP from experiments (red circles) and simulations (blue triangles). (b)
Schematic illustration of the effects of sidewall bending on interfacial delamination. (c¢) Buckling-induced interfacial crack (p = -10 kPa, left), interfacial edge crack
with no-buckling (p = -4, 0, 12 kPa, middle) and interfacial internal crack (p = 20 kPa, right) from both experiments and simulations. The buckled shape of a SHP (p
= -10 kPa) and the contact normal stress distributions along the radial direction in simulations are also shown. The scale bar is 1 mm.
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When p > 16 kPa, interfacial delamination occurs within the contact area (Fig. B1(c), right). In experiments, the crack first slowly propagates along
the circumferential direction inside the contact outline, then spreads to the edge and finally moves towards the center (Fig. B2). In this situation, the
pull-off force mainly comes from the adhesion of an inflated bottom membrane and the flat substrate, and thus becomes insignificant. Therefore, 6,
rapidly declines to a negligible value (0.035 kPa) when p reaches 20 kPa. Accordingly, the circular contact exhibits a switching ratio of 131 x when
positive pressure is applied, and the activating pressure is 20 kPa. The shift of delamination site is attributed to changes in the distribution of contact
stress (Fig. B1(c), right).

The circular SHP buckles when p < p. = -10 kPa. Two dimples form along the sidewall (Fig. B1(c), left), and the bottom membrane detaches from
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the substrate and deforms into a saddle shape. Immediately, the interface fails at two opposite sites at the edge, and these two edge cracks rapidly
propagate toward each other until they merge, leaving only two disconnected, small interfacial regions that remain adhered (Fig. B1(c), left, Fig. B2).
The significant reduction in contact area leads to negligible o, (0.035 kPa). Therefore, if negative pressure is applied, the circular contact has a
switching ratio of 131x, and the magnitude of the activating pressure is 10 kPa.

Fig. B2. Contact area evolution of an SHP with circular contact when internal pressure p = -10 kPa and 20 kPa in experiment. The white dash line denotes the
contact outline. The scale bar is 1 mm.

Appendix C. Additional Figures for Elliptical, square and rectangular contact
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Fig. C1. Deformation of an elliptical SHP with e = 0.87 under internal pressure p = 16 kPa, —1 kPa and —8 kPa in simulations (left) and experiments (right). The
scale bar is 1 mm.
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Fig. C2. (a) Contact normal stress distribution over contact area of an elliptical SHP in simulations (e = 0.87) when internal pressure p is 0 kPa, 8 kPa, 16 kPa and 20
kPa. (b) Contact normal stress distribution along the semi-major axis of elliptical contact area in simulations (e = 0.87) when internal pressure p is 0 kPa, 8 kPa and
16 kPa.
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Fig. C3. Deformation of a rectangular SHP under internal pressure p = 20 kPa and —12 kPa in simulations (left) and experiments (right). The scale bar is 1 mm.
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Fig. C4. (a) Displacement of center A of one short facet along x direction u4 x and displacement of center B of one long facet along y direction up, with internal
pressure p in FEM simulations. The inset shows the contact of two long facets when p = -12 kPa in FEM simulations. (b) Relationship between pull-off strength 5, and
internal pressure p of rectangular contact (I/w = 1.3) in experiments (red circles) and simulations (blue triangles). The plot is divided into three regimes based on
interfacial delamination behaviors.
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Fig. C5. Force F - displacement z curve and contact area evolution during adhesion test in both experiment (red solid curves) and simulation (blue dashed curves) for
rectangular contact geometry (I/w = 1.3). Three interfacial delamination behaviors are (a) edge crack at corners (p = 8 kPa), (b) internal crack (p = 24 kPa), and (c)
edge crack at midpoints of long edges (p = -12 kPa). The white dash line marks contact outline in experiment in the first row, and simulation is shown in the second
row. The green box indicates an abrupt change of interactive force F. The scale bar is 1 mm.
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