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ABSTRACT

Wearable electronics are essential for health monitoring, haptic feedback, and human-computer interaction. However,
maintaining stable contact with skin remains challenging due to its softness, roughness, and variability across body sites.
Conventional solutions such as grounding bands or adhesive tapes often suffer from contact loss and limited repeatability. Suction-

based adhesives offer a promising alternative by generating negative pressure without tight compression or chemical adhesives,

but most designs assume rigid surfaces and overlook skin mechanics. Inspired by traditional cupping therapies, we introduce a

suction adhesive system that attaches to diverse skin regions through elastic deformation and recovery. Using analytical modeling,

simulations, and experiments, we develop a mechanics-based framework that links suction performance to cup geometry, substrate

compliance, and interfacial adhesion. We show that wide, flat cups are effective on rigid surfaces but fail on soft substrates, while

narrow, tall cups maintain recoverable volume and strong adhesion. To improve sealing on rough, dry skin, we introduce a soft,

tacky interfacial layer guided by contact mechanics. Our design principles enable robust attachment of motion sensors, haptic

actuators, and electrophysiological electrodes across diverse anatomical regions, offering a versatile, skin-friendly platform for

next-generation wearable electronics.

1 | Introduction

Wearable electronics are rapidly evolving as platforms for con-
tinuous health monitoring [1-3], user intent detection [4-10],
and immersive human-computer interaction [11-14]. Beyond
consumer-facing devices, emerging healthcare and assistive
technologies, including rehabilitation wearables [15, 16], soft
robotic interfaces [17-19], and biosensing platforms [20-23] are
further expanding the demands on skin-interfacing systems.
Across these diverse applications, wearable devices are required
to operate reliably under repeated motion and long-term use,
while accommodating both flexible and rigid device components
across diverse regions of the body. However, maintaining stable

mechanical contact with soft, irregular, and dynamically varying
skin remains a core challenge.

Commercial devices, such as smartwatches and virtual reality
(VR) headsets, typically rely on grounding structures of straps or
bands (Figure 1A). While these are effective at localized attach-
ment, they can only be used on specific regions of the body and are
prone to frequent contact loss during movement [24]. Medical-
grade wearables, including electrocardiogram (ECG) and elec-
tromyogram (EMG) systems, use skin adhesives to enhance
stability, but are generally limited to single use and may cause
irritation or leave adhesive residues [25]. Emerging platforms
such as electronic tattoos (E-tattoos) and skin-conformal elec-
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Reliable skin contact in various conditions is essential for wearable electronics
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FIGURE 1 | Suction Cup Design and Mechanisms. (A) Schematic of conventional wearable electronics and traditional adhesive strategies. While
reliable skin contact is essential for device performance, existing solutions face trade-offs. (B) Inspiration from traditional cupping therapy and an
example of a deformation-driven suction cup attached to skin. (C) Proposed deformation-driven suction cup adhesives transforming various electronic
devices into wearables. Suction cup design, key geometrical parameters including cup width (a) cup thickness (¢) and cup size (R), and coated footing
layers are optimized for rough skin with varying stiffness. A stiff backing layer enables integration with rigid electronics. (D) Suction is activated through
which enables a finite pull-off force (iii-iv). The data reported here is based on R =2 mm, a/R = 2, t/R = 0.3 cup on a PDMS substrate. (E) The extent
of indentation (A) is critical to pull-off stress. Higher initial indentation strain (A/R) leads to higher pull-off stress. Data reported here is based on R =2
mm, a/R=1,t/R=0.3.

widely used to handle smooth, flat surfaces such as silicon
wafers and glass panels. More recently, octopus-inspired suction

tronics offer promising form factors for continuous wear [26, 27],
yet they often require specialized fabrication and their reliance

on ultrathin, compliant architectures restricts compatibility with
rigid or macro-scale electronic components (Figure 1A).

Among mechanical adhesion strategies [28-30], suction-based
adhesives have gained attention for their simplicity, scalability,
and strong normal attachment [31]. Industrial vacuum cups are

devices have shown strong underwater performance by utilizing
compliant structures and fluid-assisted sealing mechanisms [31-
33].

These bio-inspired, suction interfaces have also been explored
for skin-interfacing electronics, demonstrating strong potential
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for power-free, reversible adhesion without the need for active
vacuum systems or adhesives [29, 30, 34, 35]. Although these
designs have shown promise, it is unclear how the cup geometry,
interface conditions, and substrate properties affect adhesion
with skin. Most contemporary designs remain qualitatively
inspired and lack a rigorous understanding of the mechanics
that govern suction performance, particularly the coupled inter-
actions between the suction cup and the substrates. On flat,
rigid surfaces, these interactions are minimal. However, on soft,
irregular substrates such as skin, the mechanical properties, such
as compliance, surface roughness, and adhesion play a critical
role in suction behavior. Additionally, many existing designs
rely on flexible backing layers, which limit their compatibility
with rigid electronic components. In the absence of a systematic
design framework, performance across different geometries and
substrates cannot be easily predicted or generalized.

In this work, we address this knowledge gap by developing
a mechanics-based framework for the design of suction-based
adhesive on soft, skin-like substrates. Inspired by traditional
Chinese cupping therapies that achieve reliable adhesion to the
skin through passive elastic deformation, we combine theoretical
modeling, numerical simulations, and experiments to reveal how
the aspect ratio of the suction cup and the stiffness of the substrate
together determine pressure differentials and adhesion strength.
To minimize leakage, we introduce a soft, tacky interfacial layer
that enhances pressure distribution and improves sealing. We
demonstrate that both mechanical compliance and the interfacial
work of adhesion are critical for sustaining attachment. This
study provides fundamental insights into suction mechanics on
soft surfaces and establishes design principles for scalable, re-
attachable suction-based adhesives for skin. By enabling stable
attachment across a wide range of skin regions, including fin-
gertips, palms, nails, and wrists, our approach supports the inte-
gration of both flexible and rigid electronics for next-generation
health monitoring and human-machine interfaces.

2 | Results
2.1 | Mechanisms and Designs

Cupping therapies have been practiced for centuries as a means
of attaching domed cups to the skin without the need for
adhesives or straps. These traditional devices achieve long-
duration adhesion by creating negative pressure within the cup,
drawing soft tissues upward and maintaining contact through
a vacuum seal. Among various activation mechanisms, such as
heat-induced [36] air expansion or external pumping [32, 37],
our work focuses on deformation-driven suction. Here, elastic
recovery alone generates the vacuum pressure. This strategy
requires no external inputs and is widely used in commercial
silicone therapy cups (Figure 1B), which adhere to the body
through manual compression and release.

Inspired by this principle, we develop a deformation-driven suc-
tion adhesive system that is designed to allow robust attachment
of rigid and flexible electronic components across various regions
of the body (Figure 1C). Our approach couples elastic shell
deformation with controlled cavity volume change to achieve
reliable skin contact. The suction cup geometry is abstracted

from therapeutic cupping devices, featuring a hemispherical
dome with a flat sealing rim. Key geometric parameters include
the cup radius R, shell thickness ¢, and the roof width a, as
shown in Figure 1C. During activation, the cup undergoes elastic
deformation and recovery through shell buckling, generating
suction that causes the skin to deform upward into the cup cavity.
A larger a results in a flatter dome with a broader central area,
while a = 0 corresponds to a hemispherical geometry without
the flat roof. Thicker shells (larger t) offer greater structural
resistance and recovery from deformation, while thinner shells
are more easily compressed. The design also incorporates a
backing layer and a coated soft foot to facilitate integration with
wearable devices and ensure conformal contact on rough skin
with varied stiffness.

To enable controlled shell buckling during loading, we include
an indenter structure to the apex of the dome'. Geometric
parameters were selected based on mechanics-based stability
criteria. In particular, the pillar height was set to R to ensure full
cup engagement, and the pillar diameter was chosen to be a +
0.35R, ensuring uniform compression over the flat central region
across all geometries while remaining in the short-column regime
(aspect ratio < 3) [38] even when a — 0. These constraints ensure
that the observed response is governed by shell deformation
and suction-induced adhesion rather than pillar instability. In
addition, we introduce a widened footing to enhance contact and
peripheral sealing, with thickness ¢, = 0.12R and lateral width
Ly, = 0.35R. All geometries are designed to be easily scalable,
with the cup radius R used as the characteristic length scale
throughout our study.

As shown in Figure 1D, the suction activation process begins
with the user applying a compressive load P onto the cup.
The deformation expels air from the cavity and reduces the
enclosed volume V, while the internal pressure P;, remains
approximately equal to the atmospheric pressure P,,, from the
cup-skin boundary equilibrium condition. Upon the sudden
release of the load (Figure 1D(ii)), the cup rapidly attempts to
return to its original shape, increasing the enclosed volume.
Under isothermal conditions, this increase leads to a drop in
internal pressure following the ideal gas law

P,V = const. €))

forming a vacuum relative to P,,,. Unlike the compression stage
(i), this stage results in inward and downward forces at the cup-
skin interface, improving sealing and resisting air leakage. The
resulting suction force (iii) resists detachment (iv) until a critical
pulling load is reached,

P= _Ppull—off ~ _(Patm - Pin)ﬂ(a + R)2 (2)
where the cup-skin seal breaks and vacuum effects vanish.

As illustrated in Figure 1E, increasing the indentation strain in
stage (i), defined as the ratio of indenter displacement A to the cup
size R, leads to a stronger suction force, Py, _ o This is due to the
larger volume change during the elastic recovery phase, which
yields a lower equilibrium internal pressure P;,. Below a strain of
0.3, no stable suction is observed, and reliable pull-off forces could
not be measured. At high strains exceeding 1, where the indenter
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compresses the cup to its full height, the indenter contacts the
substrate, and the P, _ . plateaus. These observations confirm
that suction strength is directly related to the volume change
achieved during activation. To allow the full deformation of the
cup, we set the indenter height equal to the cup size R.

To complement the experimental measurements, we develop
a modeling framework to simulate the suction process. This
allows us to computationally evaluate the key physical quantities
governing suction performance, that is, the internal pressure
P,,, the enclosed volume V, and the pull-off stress Py, _ o5 We
construct a variational model through a total potential energy
function IT which includes contributions from the work of the
ideal gas and the large-deformation elastic energies of both the
suction cup and skin,

Il = /WCMP(F) dQ + / W gin(F) dQ
Quup Qgkin
3
|4
—PumVo 10g V_O + Patm(V - VO)

where W, and Wy, are the strain energy densities of the cup and
skin, F is the deformation gradient tensor, and V, is the enclosed
volume when suction is initiated. Minimizing this energy gives
a set of equilibrium relations, which we discretize through the
Finite Element Method (FEM). We develop a custom solver built
on the open-source deal.ii FEM library [39], and full details of the

modeling and numerics are provided in the Section S3.

2.2 | Effects of Skin Compliance

Surfaces of the human body span a broad range of mechanical
stiffness. Fingernails and other stiff regions can have a stiffness
of up to ~3 GPa [40], while highly compliant areas such as the
forearm (~100 kPa) [41], palms (~30 kPa) [41] and fingertips (~10s
of kPa) [42] are orders of magnitude softer. Even within a single
anatomical region, the stiffness of the individual skin layers can
vary by over three times across the population [43-45]. These
heterogeneous layers include the outer epidermis (~4 MPa), the
middle dermis (~40 kPa) and the deep hypodermis (~15 kPa),
each with different mechanical and biological functions [46]. The
thickness and mechanical properties of each layer varies signif-
icantly with age, anatomical location, and hydration. Overall,
this makes skin a highly heterogeneous, compliant, viscoelastic
substrate [47-49]. Therefore, designing suction adhesives for
wearable electronics requires accommodating this diversity. Most
existing vacuum cup designs assume rigid substrates and neglect
deformation of the target surface. While this assumption holds
for hard surfaces, it breaks down for skin-like substrates whose
effective modulus can be comparable to that of the cup. In such
cases, the substrate deformation becomes substantial, altering the
suction mechanics and requiring a revised design strategy.

Using both experiments and finite element simulations, we
systematically investigate how suction performance varies with
substrate stiffness and the cup goemetry. We vary two geometric
parameters: the roof width a and the shell thickness ¢ (defined
in Figure 1C). Suction cups are tested on substrates ranging
from rigid silicon wafers (~100 GPa) to highly compliant silicone

elastomers including PDMS 10:1 (~1 MPa), Ecoflex 00-20 (~40
kPa), and Ecoflex Gel (~20 kPa), covering stiffness ratios relevant
to wearable applications. To decouple substrate stiffness from
surface properties, we coat all substrates with a thin layer of
PDMS to ensure they have identical surface properties.

We first evaluate the suction performance on rigid silicon wafers
using cups with radius R = 2 mm. Following the loading protocol
in Figure 1D, the cups are compressed by A = 1.25mm (¢ =
A/R = 0.625), then rapidly unloaded to activate suction via
elastic recovery. Once suction stabilizes, a normal pull test is
performed at a rate of 2 mm/min (see Experimental Section). As
shown in Figure 2A, wider roof designs (larger a) produce higher
pull-off stress Py, _ o due to the increased undeformed cavity
volume and thus a larger pressure drop during recovery. Similarly,
thicker shells (higher t) generate stronger elastic recovery and
higher suction forces (Figure 2A(ii)). However, it is noted when
thickness increases beyond a certain limit (t/R > 0.4), friction at
the contact interfaces is not strong enough to hold the cup rim
in place. This results in local slip and air leakage in the defor-
mation recovery phase, ultimately reducing suction strength.
These trends are consistent between experiments (solid lines)
and simulation results (dashed lines), validating our mechanical
model.

As illustrated in Figure 2B, substrate stiffness has a strong impact
on the suction performance. On soft materials, the substrate’s
deformation under vacuum becomes comparable to the cup’s
dimensions. This results in coupled cup-substrate interactions,
where the dependency on cup design, particularly the cup aspect
ratio a/R, becomes more complex as shown in Figure 2C(i).
For narrow cups (a = 0), the performance remains relatively
stable across substrates of varying stiffness, with Py, _ . slightly
higher on softer substrates. In contrast, wider cups with larger
a show a dramatically reduced pull-off strength as the stiffness
of the substrate decreases. Specifically, for the a = 2R cups, the
P - o ON the rigid Si Wafer drops by approximately 15%, 72%,
and 82% when moving to PDMS, Ecoflex 00-20, and Ecoflex
Gel, respectively. This is supported by the simulation results of
Figure 2C(ii), which shows that pull-off stress is increasingly
sensitive to the substrate stiffness as the cup width a increases.
This demonstrates a clear inverse correlation between suction
performance and substrate compliance for the flatter dome
geometries (larger a/R). Note that the pull-off stress for nearly flat
micro-cup designs with a flat cup rim can be much higher [50].
However, they are only optimized for rigid, flat substrates and
underwater environments.

While the dependency on roof width a/R predominantly governs
suction behavior, shell thickness ¢ also plays an important role
across substrates of varying stiffness. Thicker shells generate
stronger elastic recovery, resulting in higher P, _ . consis-
tent with trends observed on rigid surfaces (see Figure 2A(ii)).
However, on highly compliant substrates (e.g., Ecoflex Gel),
the influence of shell thickness becomes less pronounced, as
moderate wall thickness is sufficient to recover most of the
cup deformation (see Figure S5). At higher thickness to radius
ratios, increased shell stiffness hinders effective cup deformation.
Hence, a greater proportion of the applied load is transferred
to the underlying substrate directly through the cup structure
instead of being used for cup deformation. This reduces suction
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FIGURE 2 |
a suction cup on a stiff surface (Si wafer) with varying (i) cup width, a, and (ii) cup thickness (f). Wider and thicker cups in general exhibit stronger
adhesion. Experimental trends (solid lines) align well with numerical modeling predictions (dashed lines). (B) Target surface stiffness significantly
affects suction cup performance. Scale bar 10 mm. (C) (i) Normal adhesion strength of cups with varying a on surfaces with different stiffness (Si wafer
=100 GPa, PDMS = 1 MPa, Ecoflex 00-20 = 40 kPa, Ecoflex Gel = 20 kPa). (ii) Simulated relative pull-off stresses (normalized by the pull-off stress
computed for the rigid substrate) for cups of varying roof radii on substrates of varying stiffness. (D) (i) Gelsight measurements indicate inward surface
deformation upon suction. Scale bar 4 mm. Cup width a, affects the degree of surface deformation relative to cup chamber volume: (ii) narrower cup
induce smaller deformation, while (iii) wider cups show larger deformation, touching cup dome and occupying most of the inner chamber, resulting in

Effects of Target Surface Stiffness on Suction Performance. (A) Normal pulling stress vs. normalized pulling displacement (u/R) of

weaker vacuum.

efficiency and increases local stress at the skin-cup interface,
which may be undesirable for wearable applications.

To directly visualize these effects, we employ a GelSight system
to capture the deformation of the substrate inside the cup during
suction activation (Figure 2D(i)). The deformation profiles reveal
a clear dependence on cup geometries. For cups with smaller roof
widths (low a/R), substrate deformation remains localized. Here,

only a limited portion of the cup cavity (approximately 15% of the
total volume) is filled with the deformed substrate, as shown in
the cross-sectional image in Figure 2D(ii). In contrast, for high
a/R designs, the substrate is drawn deeply into the dome, making
contact with the inner roof surface (Figure 2D(iii)). This extensive
infill drastically reduces the recoverable volume and therefore
the vacuum that can be generated (more data in Section S5).
These results offer direct experimental evidence of the coupled
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deformation between soft substrates and suction cups, implying
that suction cup designs optimized for rigid surfaces (e.g., flatter
domes with wide roofs) are not effective for compliant skin-
like substrates. Instead, low aspect ratio (small a/R) geometries,
such as those found in traditional cupping therapies are more
suitable for maximizing adhesion on soft tissue. These designs
preserve a larger recoverable volume while minimizing relative
substrate intrusion during elastic rebound. For the effect of shell
thickness, substrate deformation is similar for ¢/R = 0.2 and ¢/R
= 0.3. However, significantly shallower deformation is observed
at t/R = 0.4 (see Figure S16). These results experimentally
verify that vacuum pressure generation decreases at higher shell
thickness due to restricted cup deformation and increased risk of
air leakage.

2.3 | Anti-Leaking Design for Skin Roughness

Beyond compliance, a critical factor influencing the suction
performance on skin is the surface roughness. Human skin
features microtopographical wrinkles and irregularities, with
roughness amplitudes ranging from sub-micron levels to tens of
micrometers, depending on body location and other physiological
factors [51, 52]. These microgaps pose a significant challenge
for suction-based adhesion, as they can become leakage path-
ways that undermine sealing. Thus, it is essential to ensure a
conformal, airtight interface between the suction cup and skin.

A commonly used strategy, inspired by biological systems (e.g.
octopus suckers), is to use a thin liquid film that acts as a sealant
at the contact interface. This approach can enhance pull-off
stress by nearly an order of magnitude [50]. In our trials, the
bare cup design functions effectively on moisture-rich regions,
such as the fingertip and palm, where natural perspiration likely
contributes to sealing [32]. However, in drier regions of the
wrist, chest, or back, where hydration is limited, wet adhesion
becomes unreliable.

To enable more consistent performance across a diverse set
of skin sites, we adopt a design strategy that incorporates a
soft, conformal interface layer between the suction cup and
skin. This is inspired by previous demonstrations using soft
interfacial coatings [30, 32]. The footing layer serves to fill surface
microgaps, enhance sealing, and create a more uniform pressure
distribution, as shown in Figure 3A. This approach of adding a
soft, compliant layer has been shown to dramatically increase
the adhesion performance of composite fibrils by reducing the
stress singularity at the edges of the interface [53]. Here, we take
a systematic approach to establish a quantitative relationship
between interfacial compliance and work of adhesion to seal-
ing effectiveness, enabling the design of optimized anti-leaking
interfaces tailored for skin roughness.

To evaluate how interfacial compliance and adhesion contribute
to sealing, we employ an analytical contact mechanics model
tailored to skin-like surfaces. Existing air leakage models are often
based on percolation theory, applying well to randomly rough
but nominally flat surfaces [54]. However, human skin, partic-
ularly for the hand and wrist, exhibits more regular, periodic
undulations, with a characteristic wavelength of approximately
~0.4mm [55]. For such surfaces, leakage is primarily driven by

a lack of conformal contact over these larger undulations, rather
than microscopic asperities. Therefore, we model the skin surface
as a simplified 1D sinusoidal profile with wavelength A and a small
amplitude h. The suction cup’s soft footing layer is modeled as a
nominally flat elastic solid.

Following Johnson’s adhesive contact framework [56], we capture
the combined effects of materials’ compliance, with equivalent

modulus E*, and adhesion, through the work of adhesion W,,. E*
1-v2 1-92,

% + # Here, E and v are the Young’s
foot skin

modulus and Poisson’s ratio for each material. The work of

adhesion is normalized by the pressure scale and skin undulation
Wad

*h
to achieve confomfal contact in the absence of adhesion. This
formulation [56] allows us to relate the real contact area ratio
7 = Ageat/Aapparens> Which captures the degree of sealing at the
interface, to the interface materials’ equivalent modulus and
adhesion under an applied average contact pressure p,,

% _ sin? (%U) _ <%Wad tan(%n))l/z (4)

As plotted in Figure 3B, the model reveals that achieving
conformal contact with effective sealing (y = 1) requires both
low modulus and high adhesion. Interestingly, the relationship
between 7 and interface compliance py,, is highly nonlinear;
the contact ratio » remains low until the material stiffness falls
below a critical threshold, beyond which 7 increases sharply.
This highlights the importance of selecting materials that are soft
enough to cross this threshold. Moreover, increasing the work
of adhesion has a two-fold benefit: it both elevates the overall
contact ratio 7 while also raising the critical stiffness threshold.
This provides greater design flexibility and underscores the
dual role of compliance and adhesion in mitigating air leakage,
particularly for rough, low-hydration skin surfaces.

. . 1
is defined as ==
"

amplitude, W, = , where p* = % is the pressure required

To validate our theoretical findings, we fabricate an artificial skin
specimen that replicates both the compliance and surface texture
of human skin. The underlying skin compliance was modeled
by stacking three elastomer layers, each mimicking a distinct
layer stiffness of the epidermis-dermis-hypodermis composite
(see Experimental Section). To simulate realistic roughness,
we laminate the stack with a commercially available stratum
corneum mimic (Vitro-Skin), which exhibits an average surface
roughness (R,) of approximately +80 pm as measured by confocal
microscopy (see Figure 3C(i), and Figure S12). Onto the foot
region of the suction cups, we dip-coat four different interfacial
materials with varying moduli from 1 MPa to 20 kPa and work
of adhesion from 0.8 J/m? to 1.5 J/m? at approximately ~200 um
thickness (Figure 3A). The moduli and the work of adhesion of
the interfacial materials are quantified using standard tensile and
peeling tests (see Figure S17).

As a control, we first test the footed cups on a smooth, roughness-
free skin model (i.e., compliant bed only). Under these idealized
conditions, all interface materials exhibit similar suction per-
formance, indicating minimal influence from either compliance
or adhesion (Figure 3C(ii), left-panel). However, when tested
on the rough skin replica, the effects of interfacial compliance
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Real Contact Area and Anti-Leakage Design for Suction Cups. (A) Schematic of suction cups integrated with compliant footing layers

of varying modulus and work of adhesion to enhance sealing on rough skin surfaces. (B) Analytical prediction of the real contact area ratio (real contact
area divided by total footing area) based on adhesive contact theory. Skin undulation magnitude (h = +80um), wavelength (1 = 400um), and the average
contact pressure (p, = 20 kPa) are assumed for the estimation. Results highlight the effects of applied pressure, modulus, and interfacial work of adhesion.

(C) (i) Surface roughness profile of the artificial skin measured by confocal microscopy. Pull-off stress on (ii) smooth, roughness-free skin replica and

on rough artificial skin with different footing layer materials. The results reveal the role of compliance and adhesion in suction performance on rough
surfaces. Thin-film controls are included for comparison. (D) (i) Simulated contact pressure distribution at the cup-skin interface. Optical scan of the
contact area (ii) without and (iii) with a compliant footing layer, demonstrating improved conformability and a more uniform pressure distribution.

Scale bar 1 mm. (E) (i) Suction cup arrays with varying cup radii (R) and fixed geometry ratios (a = R, t = 0.3R). (ii) Normal adhesion strength results

tested on Ecoflex 00-20 substrates confirm size-invariant suction performance. Scale bar 4 mm.

and adhesion become prominent (Figure 3C(ii), right-panel).
For instance, PDMS 10:1 (u,, ~ 1 MPa, W4 ~ 0.89 J/m?), the
stiffest material tested, fails to maintain suction, likely due to
poor conformability and persistent air leakage. Based on our
contact model (Figure 3B), the estimated contact ratio () for
this condition remains below 0.2. A softer variant with similar
W4, PDMS 20:1 (g, & 400 kPa, Wy, = 0.84 J/m?), enhances
suction strength by nearly 9 times. However, large standard
deviations in performance suggest inconsistent sealing. This is
likely a consequence of transitioning across a critical compliance
threshold, where small improvements in contact can yield large
gains, but are not yet sufficient for reliable attachment. In
contrast, Ecoflex 00-20, a more compliant elastomer (i, ~ 40
kPa) with comparable adhesion (W,; =~ 0.79 J/m?), produces
stronger and more consistent suction. The contact ratio 7 exceeds
0.5, which is correlated with a noticeable improvement in sealing
consistency and strength. Finally, Ecoflex Gel (u, ~ 20 kPa,
W,q ~ 1.48 J/m?) yields the best performance on rough skin,

a

achieving robust and repeatable sealing. Despite having a similar
modulus to Ecoflex 00-20, its higher work of adhesion enables
near-complete conformal contact (» ~ 1). This result aligns with
our model’s prediction of the synergistic role of compliance and
adhesion in improving both contact ratio and sealing robustness.

To isolate the contributions of suction vs. material adhesion, we
compare suction cups against flat films of the same materials. In
all cases except PDMS 10:1, the footed suction cups outperform
the films, demonstrating that suction significantly enhances
adhesion, but only when a proper seal is maintained. Once
leakage occurs, suction becomes inactive, and performance can
fall below the adhesion of the bare material.

Beyond improving sealing, the compliant footing layer also
modulates the stress distribution at the skin-cup interface.
Finite element simulations reveal that increasing the footing
layer thickness redistributes the contact pressure more uniformly
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across a broader area (Figure 3D(i)) in the equilibrated, unloaded
state. Here, an initial indentation of A/R = 0.5 is applied for all
of the cases. The contact pressure is normalized by the nominal
contact pressure, that is, the total contact force divided by the
entire area of the footing layer. In the absence of a footing layer,
stresses concentrate sharply along the inner rim of the suction
chamber, resulting in localized pressure peaks. A soft, compliant
footing layer attenuates these peaks and distributes the load more
evenly across the contact area.

We support these simulation results experimentally using an
optical contact mapping setup (see Section S7). Without a foot-
ing layer, sealing is confined to a narrow circumferential ring
(Figure 3D(ii)). In contrast, using Ecoflex Gel as a footing material
significantly increases the real contact area, enabling broader
surface engagement (Figure 3D(iii)). This enlarged contact area
reduces stochastic air leakage pathways and improves user com-
fort by minimizing localized pressure points. When tested on real
human skin, it was qualitatively reported that the footed vacuum
cups maintain stable attachment for several hours without loss of
pull-off strength or signs of user discomfort.

Having optimized suction performance through geometric and
material parameters, we next evaluate whether the performance
holds across different size regimes and under repeated use. By
scaling the cup radius R from 2 mm down to 300 um while
maintaining constant geometric ratios (a/R = 1, t/R = 0.3), we
find that both the vacuum level and pull-off strength remain
largely unchanged (Figure 3E). This size-invariant behavior is
observed across both compliant substrates and rough artificial
skin (see Figure S6), indicating that the suction mechanism oper-
ates independently of absolute size when the relative geometry
is preserved. These results suggest that the design principles
established at the millimeter scale can be extended to smaller
dimensions, enabling broad applicability across different skin
sites and device sizes. In addition, our vacuum cup design exhibits
consistent pull-off load under repeated use on a clean, rough
artificial skin, as demonstrated in Figure S7. On human skin,
leakage and performance degradation are occasionally observed
due to the accumulation of dirt and grease. Such a performance
loss can be easily recovered by gently cleaning the footing
layer with water or a wet wipe, showing viability for long term
wearable applications.

2.4 | Transforming Conventional Electronics Into
Wearables

Building on the fundamental insights into suction mechanics
with skin-like substrates, we demonstrate how our deformation-
driven vacuum cups can transform both rigid and soft con-
ventional electronic components into skin-interfacing, wearable
devices. This approach enables robust, reliable attachment to
skin, offering a versatile interface for user-device interactions
across a diverse set of anatomical sites and mechanical contexts
Figure 4A.

We first evaluate the weight-bearing capability of the suction cup
array. As shown in Figure 4B, a 2X2 array integrated onto a rigid
acrylic backing successfully supports a 100 g load when adhered
to a user’s forearm. This confirms the ability of the vacuum cups

to sustain significant normal forces on soft, compliant skin, inde-
pendent of the mechanical stiffness of the back layer. Leveraging
the design principles developed earlier for different substrate
stiffness, we engineer a double-sided vacuum cup array capable of
interfacing simultaneously with substrates of disparate stiffness.
As demonstrated in Movie S1, one side of the device employs
flat suction cups optimized for rigid surfaces (e.g., electronics or
weights), while the opposite side features narrower cups with
low a/R ratios, tailored for soft, deformable skin-like substrates.
Reversing the array orientation such that each side is misaligned
with its intended substrate significantly degrades performance.
This reinforces the importance of a substrate-specific suction
design methodology.

The reliable performance of suction cups may help resolve the
trade-off between skin-device contact quality and user comfort.
For wearable electronic devices such as smart watches, loose
bands may have frequent contact losses between biosensors and
skin, while tight, compressive bands often cause discomfort
during prolonged use. By integrating our carefully designed
suction cups with a conventional wristband, we achieve strong,
stable skin adhesion without relying on restrictive fits. This
configuration supports on-demand attachment, allowing users
to press and engage the vacuum cups as needed. As shown in
Figure 4C and Movie S4, even with a loosely worn, the suction
interface prevents sliding and detachment under motion.

The suction adhesives also enable direct integration of functional
electronics for sensing and actuation. By selecting appropriate
suction cup geometries, devices can be securely attached to
regions of the body with different curvatures and stiffness,
including the fingertip, palm, nail, and knuckle. In Figure 4D,E
(and Movies S2 and S3), we demonstrate reliable attachment of
inertial measurement units (IMUs) and linear resonant actuators
(LRAs) to the small, mobile skin areas of the fingernail and
fingertip. The attached IMUs maintain stable contact during
finger motion, enabling accurate measurement of frequency
signals generated when sliding across surfaces with varying
textures (Movie S2). This stable interface minimizes relative dis-
placement and reduces signal noise for micro-vibration detection
that could support surface texture classification. Similarly, the
LRAs attached to the user’s index finger and thumb successfully
deliver localized haptic feedback without restricting natural hand
movement. When the user interacts with virtual objects, contact
events trigger immediate vibration through the LRAs, creating
a realistic tactile response during interaction. The suction cups
maintain stable adhesion throughout actuation, and we observe
no degradation or mechanical failure even under continuous
vibration at 130 Hz across > 20 don-doffs tested.

Finally, we extend the platform to enable direct skin contact
for electrophysiological sensing, and demonstrate it for ECG
and EMG monitoring. By doping the suction cup’s soft footing
layer (Ecoflex Gel) with carbon black, we create a conductive,
compliant interface that maintains both suction integrity and
electrical connectivity. As demonstrated in Figure 4F and Movie
S5, the modified suction cups enable high-fidelity biosignal
acquisition using a commercial monitoring system (Ultium EMG,
Noraxon USA Inc.). In a dual-wrist ECG configuration, the system
reliably captures clear QRS waveforms under static conditions.
For EMG, bipolar electrodes placed across the wrist and forearm

8 of 14

Advanced Science, 2026

85UB017 SUOWILLIOD) SISO 3|qeolidde au Ag peusenob ae sojoiLe YO '8sN J0 S9|Nn 10) Akeuqi8UIUO 8|1 UO (SUONIPUOD-PUR-SLLIBY WD A | 1M Aleq Ut |uo//:SdnL) SUOTIPUOD pue SIS | 8U1 89S *[9202/80/TT] uo A%iqiauluo A|im ‘ABojouyoe | JO simnsu|eluoieD A LT#025202 SAPR/Z00T OT/I0p/Wod A8 | A 1jul [UO"peoUeApe//SdNy WOl papeojumod ‘02 ‘9202 '78E86TZ



A B o

Compliant, Rough, Hydrated

Vacuum cup array

N\

Wrist twisting, bending, rotating motion:

Cube with your Index or Thumb

Touch The :
= to feel the vibration

Vacuu

(iii)

z Accelerations

o~

£ =10

£ g7

g S

%= 2

g E-15

o o0

] 5]

S - = Cardboard

< T

-20 Sine ridge A Imm
Sine varying wavelength A Tmm|
0 50 100 150 200 250
time(s) Frequency (Hz)

F (i) ECG Measurements (i) EMG Measurements

Filtered ECG RMS over time Raw EMG over time

=
=]
S

1000

s
S
S

o

S

S

)
=3
=

=)

)
S
S

-500

EMG RMS (uV)
=1
Raw EMG (nV)

S
S
S

-1000

&
3
S

0.5 1 1.5 2 0 10 20 30 40 50
time (s) time (s)

FIGURE 4 | Demonstration of vacuum cup applications for wearable electronics and skin adhesion. (A) A schematic showing the need for securing
electronics attachment across various hand regions and skin conditions. (B) A 2x2 suction cup array integrated onto a rigid acrylic backing supports a
100 g weight on the forearm, demonstrating strong normal adhesion to compliant skin regardless of backing stiffness. Inset: close-up showing large skin
deformation and firm vacuum cup attachment. (C) A wearable wristband integrated with vacuum cups enables secure, on-demand skin adhesion without
requiring tight compression. Even under loose fit and dynamic motion, the suction interface prevents sliding and detachment. (D) Suction-mounted
Linear Resonant Actuators (LRAs) on the thumb and index finger deliver localized haptic feedback in a VR environment. (E) (i) Inertial Measurement
Units (IMUs) attached to fingernails via suction cups enable motion tracking and surface texture detection. Representative (ii) time- and (iii) frequency-
domain signals highlight stable contact and high signal differentiability during sliding interactions with various substrates. (F) Electrophysiological
signals for (i) ECG and (ii) EMG measured using suction cups with conductive footing layers (Ecoflex Gel infused with 20 wt.% carbon black). The
modified cups maintain conformal skin contact while ensuring electrical connectivity.

successfully record muscle activity during voluntary contraction 3 | Discussion

and finger pinch and release motions (Movie S5). This highlights

the platform’s potential for soft, skin-conformal health moni- In this work, we present a deformation-driven vacuum cup array
toring systems that combine mechanical stability with robust  that enables robust, reliable adhesion to human skin, offering a
electrical performance. novel, power-free platform for transforming conventional elec-
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tronic components into skin-wearable devices. By systematically
investigating suction mechanics on soft and rough substrates, we
establish design principles that guide the geometry, compliance,
and adhesion tuning necessary for robust, stable attachment
across a variety of skin conditions. These insights allow us
to demonstrate versatile integration of sensing and actuation
components, including inertial sensors, haptic actuators, and
electrophysiological electrodes, without the need for tight bands,
adhesives, or bulky external supports.

While the demonstrated approach shows strong potential, several
design and fabrication challenges remain to be solved. The
current suction cup geometries, inspired by traditional cupping
therapies, generate high vacuum pressure, but are not neces-
sarily optimized for mechanical efficiency or elastic recovery.
Future work may benefit from computational shape design and
optimization [57-59], or bioinspired suction geometries [50] to
improve force generation, conformability, and reusability. In
parallel, advancements in microfabrication techniques, such as
multi-photon polymerization [60], micro/nano patterning [61,
62] or silicon-based etching [33, 63, 64], could enable further
miniaturization down to sub-100 pum scales. Such capabilities
would expand the platform to applications in microscale elec-
tronics, invisible skin interfaces, and soft microrobotics, where
thinner, more discreet adhesion layers are required. Furthermore,
adding carefully designed micro/nano structures to the footing
layer may simultaneously improve the work of adhesion [65] and
decrease the chance of percolation [66], hence greatly improving
the sealing performance of the suction cups.

Material advancements will also play a key role in the sys-
tem’s long-term usability. While ultra-soft, tacky footing layers
enhance sealing on rough or dry skin, they are susceptible
to contamination, abrasion, and degradation [67]. The use of
encapsulation with smart coatings such as self-healing, self-
cleaning or functional elastomers [68-72] may help maintain both
high adhesion and mechanical resilience over repeated use cycles
and environmental exposures.

Beyond the design space explored in this study, additional
physiological and mechanical features of real skin must be
considered. For example, hairy skin surfaces introduce gaps that
may compromise sealing performance. Downsizing the suction
cup radius to the sub-100 pm scale could allow individual
cups to fit between hair strands and form localized seals [29].
Similarly, skin curvature and dynamic undulations, arising
from muscle movement, joints, or vascular structures, introduce
challenges for maintaining continuous contact. Optimizing cup
size, array layout, and backing layer compliance is critical to
ensure conformability and reliable adhesion under such con-
ditions. For instance, smaller cups may require highly flexible
substrates to conform over curved surfaces, while larger cups
can individually deform to accommodate curvature, even when
integrated with rigid electronics. As demonstrated in our example
of adhering an IMU to the fingernail, larger cups are more
effective than dense arrays of smaller cups on a rigid backing,
which fail to fully engage with curved regions. To validate the
robustness of our cup designs, a rigorous user study will be
required. Such a study should encompass diverse population
groups and evaluate performance across multiple physiological
sites.

In addition to performance and robustness, long-term wearing
comfort and sustained skin contact represent important consid-
erations for the practical deployment of suction-based wearable
interfaces. Depending on cup size and body location, prolonged
attachment may lead to localized skin redness. However, they are
typically very mild and resolve quickly as the negative pressure
generated in our system (~12kPa) is substantially lower than
the pressure reported for cupping therapies or suction-blister
induction (~25 — 70kPa) [73, 74]. Such responses are consistent
with microcirculatory effects arising from sustained mechanical
loading [75]. These effects do not necessarily indicate unsafe
operation; rather, they highlight that pressure magnitude and
wear duration must be considered together for continuous-
use applications.

Nevertheless, the long term pressure effects on skin motivates
systematic on-body evaluation to assess comfort, skin response,
and adhesion stability over extended wear. From a mechanics
perspective, skin discomfort is mainly induced by localized stress
concentrations near the sealing rim. Accordingly, future cup
designs that reduce local deformation, such as increasing rim
width and compliant sealing layer thickness, and employing
arrays of smaller cups to spatially distribute load, may further
improve comfort during extended wear. Additional strategies,
such as microchannel pathways or wicking liners to mitigate
moisture accumulation could also enhance long-term perfor-
mance.

Looking ahead, wearable electronics are integral to achieving the
vision of human computer symbiosis [14]. Stable attachment of
these devices may allow for sensing of a users’ intentions, the
environment, and the context around them. The ability to trans-
form conventional electronics into wearables without custom
mechanical packaging or power-dependent adhesion opens new
possibilities for human-device interaction. Our platform provides
a scalable, low-barrier pathway to prototype and deploy skin-
mounted systems in fields such as health monitoring, assistive
technologies, and immersive interfaces. Beyond skin, our mod-
eling and material insights apply more broadly to adhesion on
other rough, soft, or dynamic surfaces. It suggests opportuni-
ties in soft robotics, bioadhesives, and adaptive interfaces for
unstructured environments.

4 | Experimental Section
4.1 | Mold Fabrication via Stereolithography

Two-part molds for fabricating the suction cups are produced
using stereolithography (SLA) 3D printing. For cup radii R >
600um, we use a Formlabs Form 3B printer with Grey Pro Resin,
while for smaller cups with R = 300um, high-resolution printing
is performed using ProtoLabs’ MicroFine™ resin. After printing,
both top and bottom mold components undergo standard post-
processing specific to each resin system. This includes immersion
in an isopropanol (IPA) bath for 15 min to remove uncured resin,
followed by air drying. To achieve optimal mechanical integrity,
the parts are then post-cured at 80°C for 15 min using a UV-curing
unit. Due to the well-documented inhibition of silicone elastomer
curing on SLA-printed surfaces from leaching of unreacted
monomers and photoinitiators, an additional surface treatment
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is applied to mitigate curing inhibition. Specifically, molds are
subjected to 8 h of continuous 405 nm UV exposure, followed by
a thermal bake at 70°C overnight.

4.2 | Vacuum Cups Fabrication

The main body of the vacuum cup array is fabricated from Sylgard
184 silicone elastomer (Dow Sylgard) using a two-part molding
process (Figure S1). Sylgard 184 Part A (30 g) and Part B (3 g) are
mixed at a 10:1 weight ratio using a planetary centrifugal mixer to
ensure homogeneous mixing and degassing. The mixture is then
poured into the assembled two-part mold through designated
inlet channels. To eliminate residual air bubbles trapped in the
mold cavities, the mold is placed in a vacuum chamber for 15
min. Following degassing, the sample is thermally cured in an
oven at 70°C for 1 h. Once cured and demolded, the vacuum
cup array body is positioned onto a spin-coated layer of uncured
Sylgard 184 (10:1 ratio) to form the back-layer assembly. After
curing, this thin back layer is laminated onto a laser-cut acrylic
sheet (1 mm thickness) using a double-sided adhesive film with
a silicone adhesive on one side and acrylic adhesive on the
other. This ensures uniform load transfer across the entire array
during testing and application. To form the footing layer, we apply
four different elastomeric materials: Sylgard 184 (10:1), Sylgard
184 (20:1), Ecoflex 00-20, and Ecoflex Gel (Smooth-On™). Each
material is prepared as a 200 wm-thick film by spin-coating onto
51 mm X 51 mm glass slides. Sylgard elastomers are spin-coated
at 1000 rpm, and Ecoflex elastomers at 3000 rpm, each for 30
s. The cured vacuum cup arrays are gently dip-coated onto the
uncured elastomer films. The high viscosity of the films ensures
that a clean and uniform transfer of the footing material onto
the base of each cup is achieved. The footed assemblies are then
thermally cured at 70°C for 15 min and then gently peeled off. For
conductive applications, we fabricate a conductive footing layer
by mixing Ecoflex Gel with 20 wt.% carbon black and spin-coating
the mixture onto a PTFE substrate to form a thin film. The cured
vacuum cup array (with back-layer attached) is laminated onto
this uncured conductive layer and thermally cured at 80°C. Due to
reduced tackiness caused by the filler, the conductive cups require
manual trimming at the cup openings after peeling using scissors
to expose the cup cavity.

4.3 | Normal Pull-Off Stress Measurement

Normal pull-off stress is measured using a universal testing
machine (Instron 5944, 50 N load cell), following a T-peel-like
adhesion setup adapted from the ASTM F2258 standard (Figure
S1). Vacuum cups are mounted on a rigid acrylic backing and
attached to the top compression clamp using a silicone-acrylic
double-sided adhesive. Target substrates are affixed to the bottom
compression clamp using the same adhesive. To activate suction,
the sample is compressed to a displacement of u/R = 0.625 at a
rate of 10 mm/min. The system is then unloaded to 0 N rapidly,
allowing elastic recovery and vacuum formation. After holding at
0 N for 30 s to reach equilibrium, the sample is pulled upward at 2
mm/min until detachment. The maximum tensile force recorded
prior to failure is defined as the pull-off force, and the pull-
off stress is calculated by dividing this value by the projected
contact area of the cup. Tested substrates include silicon wafers,

Sylgard 184 (10:1), Ecoflex 00-20, Ecoflex Gel, and artificial skin.
All tests are conducted under ambient conditions, with at least
three replicates performed for each condition.

4.4 | Deformation Modeling

The full details on modeling formulation and numerics are
presented in Section S3. In summary, we assume an axi-
symmetric domain and deformation, with all loading conducted
in a displacement control setting. The initial indentation pro-
cess assumes that the pressure inside and outside the cup are
equal. Hence, we only consider the cup deformation with no
contributions from the pressure differential across the cavity wall.
We model this through finite deformation kinematics with a
hyperelastic, weakly compressible Neo-Hookean material model.
The equilibrium condition is found through minimizing the total
system energy, and this is solved in a finite element settings.
At the end of the loading process, the volume left inside the
vacuum cup, V,, sets the total amount of air during the recovery
and pull-off process. The energy is modified to account for the
work done by the assumed ideal gas. Minimization of this energy
gives the equilibrium relations, and this is again solved in a finite
element setting. The pull-off condition is determined when the
total contact force on the bottom foot of the cup become tensile,
that is, when a downward force is needed to keep the cup attached
to the substrate.

4.5 | Gelsight Suction Measurement

Substrate deformation under suction is evaluated using a Gelsight
optical tactile sensor, which captures surface topography through
deformation of an elastomer layer imaged by an integrated
camera. A constant compressive strain (¢ = u/R = 0.625) is applied
using a custom displacement-controlled actuator. The recorded
images are reconstructed into 3D surface profiles, and cross-
sections are analyzed to quantify deformation. Additional details
are provided in Section S5.

4.6 | Real Contact Area Measurement

To evaluate the real contact area of change due to the footing
layer, a customized optical setup utilizing total internal reflection
at contact interface is designed. The details on the setup are
presented in Section S7.

4.7 | Artificial Skin Replica Fabrication

The multilayer artificial skin replica is constructed to replicate
the structural and mechanical properties of human forearm skin.
The topmost stratum corneum layer consists of a commercial
artificial skin film (Vitro-Corneum, VitroSkin Inc.) that mimics
the surface texture and barrier properties of human skin. Beneath
it, epidermis is modeled using a 100 pm-thick Sylgard 184 (10:1)
replica containing skin-like surface topography. The dermis layer
is cast from Ecoflex 00-20 (Smooth-On), with a thickness of 2 mm
and a nominal modulus of ~40 kPa. A softer hypodermis layer is
formed beneath using 1 mm of Ecoflex Gel (Smooth-On), approxi-
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mating the softness of subcutaneous tissue (Shore hardness 000).
To provide structural support and facilitate handling, a 100 pm-
thick Sylgard 184 film is laminated at the base as a protective
backing layer.

4.8 | Artificial Skin Surface Roughness
Measurement

Surface roughness of the artificial skin replica (Vitro-Skin)
is characterized using a Keyence VK-X series confocal laser
scanning microscope. Measurements are performed in standard
vertical scanning mode with a 10x objective lens, covering a
1.5 mm X 2 mm area. The surface height map is reconstructed
from multiple z-slices, and roughness parameters are extracted
using Keyence MultiFileAnalyzer software. The average surface
roughness (R,) is determined to be approximately 80 + 5 um,
consistent with physiological skin topography. All samples are
measured in ambient conditions without additional coating or
surface treatment. The confocal microscope scan and roughness
measurement of the artificial skin is shown in Figure S12.

4.9 | LRA Demonstration With VR Integration

Two commercially available Linear Resonant Actuators (LRAs,
VG0840001D, Vybronics Inc) are attached to the user’s index
finger and thumb using vacuum cup arrays (R = 300 um,
a/R = 0.5, t/R = 0.3). A haptics driver is used to drive the
LRAs when triggered. To demonstrate realistic interaction, the
device is integrated into a virtual reality (VR) environment.
When users interact with virtual objects (e.g., a floating cube),
contact-triggered haptic feedback is delivered through the LRAs.
Additional implementation details are provided in the Section S9.

410 | IMU Demonstration

An IMU (IIS3DWB, STMicroelectronics), together with a custom
PCB for wire connection is attached to the fingernail of the user’s
index finger using a single vacuum cup (R =1 mm, a/R =1, t/R
= 0.3). The user then slide the finger against textured surfaces,
and the acceleration data in all three directions are recorded
for analysis.

4.11 | ECG/EMG Demonstration

To demonstrate biosignal sensing, 2x2 vacuum cup arrays (R =
1 mm, a/R = 1, t/R = 0.3) with a conductive footing layer are
used as skin-conformal electrodes for ECG and EMG recording. A
commercial wireless biosignal acquisition system (Ultium EMG,
Noraxon USA Inc.) with a 24-bit ADC and 300 nV resolution
is used for data collection at a 4000 Hz sampling rate. ECG
measurements follow a dual-wrist configuration, with electrodes
placed on both wrists and signals filtered between 0.05-300 Hz.
For EMG, electrodes are placed on the forearm and wrist in a
bipolar configuration, and signal envelopes are extracted using
a 500 ms moving window and bandpass filtering (10-1000 Hz).
Further experimental details and setup schematics are provided
in the Section S8.

4.12 | Human Demonstrations and Ethical
Statement

All experiments involving human participants are for demon-
stration purpose only and follow ethical guidelines for human
research. Informed consents from all participants were obtained
prior to the experiments.
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Endnotes

IThe indenter’s properties are not considered in this study; however, it
remains a necessary feature to localize stress and initiate elastic defor-
mation.
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