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Versatile adhesive skin enhances robotic interactions

with the environment

Changhong Linghu't, Yangchengyi Liu'*t, Xudong Yang't, Zhou Chen?t, Jin Feng®,
Yiyuan Zhangs, Yan Li', Zhao Zhao®, Young-Jae Seo’, Junwei Li', Haoyu Jiang1, Jiangtao su’,
Yin Fang®, Yuhang Li°, Xiufeng Wang?*, Yifan Wang'*, Huajian Gao'%*, K. Jimmy Hsia"®*

Electronic skins endow robots with sensory functions but often lack the multifunctionality of natural skin, such as
switchable adhesion. Current smart adhesives based on elastomers have limited adhesion tunability, which hinders
their effective use for both carrying heavy loads and performing dexterous manipulations. Here, we report a versatile,

Copyright © 2025 The
Authors, some rights
reserved; exclusive
licensee American
Association for the
Advancement of
Science. No claim to
original U.S.
Government Works.
Distributed under a
Creative Commons
Attribution
NonCommercial
License 4.0 (CC BY-NC).

one-size-fits-all robotic adhesive skin using shape memory polymers with tunable rubber-to-glass phase transitions.
The adhesion strength of our adhesive skin can be changed from minimal (~1 kilopascal) for sensing and handling
ultralightweight objects to ultrastrong (>1 megapascal) for picking up and lifting heavy objects. Our versatile adhe-
sive skin is expected to greatly enhance the ability of intelligent robots to interact with their environment.

INTRODUCTION

The skin is the most crucial interface between the environment and
both animals and robots. On the inside, natural skin contains mech-
anoreceptors that are critical for sensory perception such as light
and touch or temperature and pressure. On the outer surface, it has
appendages such as hair, nails, feathers, and scales that are essential
for movement, lubrication, and protection (I, 2). Adhesive skin ap-
pendages (3-5), for example, allow some animals like geckos, octo-
pus, and suckerfish to adhere (3, 6), parasitize (7, 8), capture (9-11),
and climb (12-14) on various surfaces. Such adhesive skin append-
ages that adhere strongly and yet can detach easily have inspired the
creation of smart adhesives (3) that outperform friction-based de-
signs (15-17). These adhesives have been applied in heterogeneous
assembly (18-24), soft robots (3, 25, 26), and as soft grippers (27-31)
to reliably grip and release large, heavy, or fragile objects. Similarly,
tactile mechanoreceptors in skin tissues have inspired the develop-
ment of electronic skins (E-skins)—flexible, stretchable electronic
materials with sensing capabilities (32-40)—that have enabled ro-
bots to respond to strain, pressure, temperature, and other environ-
mental stimuli (41-45).

The functional capabilities of current E-skins for robotics, how-
ever, are incomplete because they mimic mainly the sensory func-
tions of natural skin yet are often missing the specialized functions
such as adhesion. This is because current smart bioinspired adhe-
sives, mostly made of soft elastomers (46), are often focused on a
single function. The same adhesive cannot be effectively used both
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for carrying heavy loads and for dexterous manipulation of objects
because the minimum and maximum adhesion strengths of these
elastomers are proportional to each other (47, 48), as illustrated in
Fig. 1A (also see section S3). An adhesive with a maximum adhesion
strength high enough to lift heavy loads usually has a high minimum
adhesion strength, making a robot difficult to achieve human-like
actions like grasping, carrying, and detaching small lightweight ob-
jects like cloth, paper, or microchips (49, 50). In sensing applications
(51-53), excessive adhesion can interfere with signal detection. Ad-
hesive E-skins that mimic more closely the capabilities of real skin
would greatly improve their values in various robotic applications,
including prosthetics.

Here, we report a one-size-fits-all adhesive skin (Fig. 1B; see
more details in fig. S1 and section S1) for robotics, which incorpo-
rates both sensory and adhesive functions for various manipulation
scenarios. This is achieved by using shape memory polymers (SMPs)
(54, 55) with tunable rubber-to-glass (R2G) phase transition that en-
ables the adhesive to adhere and detach on-demand. The surface
layer of our adhesive skin is made of structured SMP fibrils resem-
bling the natural adhesive skin appendages of tree frogs (56, 57),
providing a larger area filling ratio and consistent shear adhesion
strength across various loading directions compared to other geom-
etries. The phase transition of the SMP is regulated by a flexible
heater layer and a flexible pressure sensor is used to accomplish the
sensing function of the adhesive skin. Systematic studies and simula-
tions show that the adhesion strength of our adhesive skin is tunable
from ~1 kPa to ~1 MPa, allowing a robotic hand to detect surface
morphologies and perform a wide range of tasks, from picking up a
light (25 g) towel to grasping various fragile, large, curved (10 to 40 cm
radii), and heavy (up to 1.2 kg) objects. Our robotic adhesive E-skin,
with its integrated sensory and adhesive functions, offers huge
potential across multiple industries, including manufacturing, con-
struction, logistics, measurement, maintenance, and health care, by
enhancing productivity, safety, and precision.

RESULTS

Design and operating principles

Robotic environments are highly complex, demanding adhesive skins
with widely tunable adhesion capabilities. Conventional adhesive
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Fig. 1. Design and operation of SMP robotic adhesive skins. (A) Schematic comparison between the proposed SMP adhesive skin and conventional adhesive designs.
In conventional adhesives designs (left), the maximum adhesion strength is proportional to the minimum strength, characterized by large constants of proportionality in
both pull and shear modes (middle). This limitation means that strong adhesives and easy detachment cannot be achieved with the same adhesive. In contrast, the pro-
posed SMP adhesive skin features maximum and minimum adhesion strengths that are independent of each other, with very small constants of proportionality (middle).
This enables a wide tunability in adhesion, allowing the adhesive skin to function effectively in scenarios where adhesion is either required or to be avoided, thereby
greatly enhancing robotic interactions (right). (B) SMP adhesive skins integrated onto a robotic hand (left) to enhance its capabilities to interact with the environment. The
robotic adhesive skin patches (right) are featured by arrays of hexagonal SMP adhesive fibrils on the surface and then embedded flexible heaters and pressure sensors
connected by SMP adhesive interlayers. (C) Principle of on-demand attachment and detachment of a single SMP adhesive fibril on the adhesive skin. ® Minimal adhesion
when contacting in the glassy phase. ® On-demand attachment when contact is established in the rubbery phase. ® Strong DMT-like R2G adhesion after cooling into the
glassy phase. ® Switch-off of adhesion by heating up back into the rubbery phase where the SMP fibrils are detached in a JKR-like state.

designs are limited because their maximum and minimum adhesion
strengths are proportional to each other, with constants of propor-
tionality as high as 0.627 and 0.825 in pull and shear modes, respec-
tively (Fig. 1A). In contrast, our SMP adhesive skin demonstrates
extraordinary adhesion capabilities with maximum and minimum
adhesion strengths nearly independent of each other, reducing con-
stants of proportionality by 29- and 45-fold in pull and shear modes,
respectively. This remarkable tunability enables robots to have un-
precedented interaction capabilities, allowing them to perform ef-
fectively whether adhesion is desirable or to be avoided.

Linghu et al.,, Sci. Adv. 11, eadt4765 (2025) 17 January 2025

The on-demand attachment and detachment of our adhesive skin
relies on the tunable R2G phase transition of E44 Epoxy SMPs (E44-
SMP). Although the highly tunable modulus, shape-locking, and shape
memory effects of E44-SMP make it a promising adhesive, the material
in our previous studies is not suitable for many robotic applications due
to its high transition temperature (~90°C) (48, 58) that may damage
objects like fabrics and plasticware. To make the material more com-
patible with a wider range of objects, we adjusted the monomer-to-
curing agent ratio of E44-SMP to 81:48 to lower the glass transition
temperature to 36°C (fig. S2; see details in section S2).
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In the glassy phase (temperature T < 30°C), the E44-SMP is stiff
(storage modulus E’ > 1 GPa) and does not attach to the adherend
(Fig. 1C). When heated above 51°C to the soft rubbery phase, the
SMP softens (E’ < 1 MPa) and deforms to form conformal contact
with the adherend under a preload. Such deformation can be locked
when the SMP transitions back to the glassy phase. This leads to a
Derjaguin-Muller-Toporov (DMT)-like adhesion regime (48, 58),
where the interfacial stress reaches close to the theoretical adhesion
strength and achieves a strong R2G adhesion. Reheating the SMP
back to the rubbery phase, the shape memory property leads to the
return to the undeformed geometry, breaking the conformal con-
tact, resulting in a Johnson-Kendall-Roberts (JKR)-like adhesion
regime, where the interfacial stress is concentrated at the edge of the
contact interface. Crack propagation and weak rubbery adhesion at
this point facilitate detachment.

SMPs have recently gained significant attention in smart adhe-
sives (59-64) due to their ultrastrong R2G adhesion, where contact
occurs in the rubbery phase and detachment takes place in the glassy
phase. This adhesion can also be switched on-demand to weaker
rubbery adhesion, where both contact and detachment occur in the
rubbery phase. Recently, Linghu et al. (58) uncovered that the en-
hancement of SMP R2G adhesion is dominated by the shape-locking
effect. In addition, they (48) have shown that on-demand attach-
ment is achieved through the softness of the rubbery SMP, whereas
the stiffness of the glassy SMP enables a nonstick behavior with
minimal contact area and low glassy adhesion, where both contact
and detachment take place in the glassy phase.

Building on these theoretical insights, our adhesive skin lever-
ages the tunable mechanical properties of E44-SMP, endowing it
with a wide range of adhesion strengths. This versatility enables the
robot to interact with the environment in multiple ways. The ro-
botic adhesive skin can be made more adhesive when gripping frag-
ile, large, or heavy objects or less adhesive when detecting surface
texture or manipulating light objects, as shown later.

Characterization and optimization of SMP adhesive fibrils

As mentioned above, the key to enhancing robotic interactions lies
in the tunability of adhesive skins. We fabricated SMP adhesive fi-
brils in the form of hexagonal pillars (edge length @ = 1 mm with
various aspect ratios) (fig. S4 and section S4) and experimentally
characterized their glassy adhesion, rubbery adhesion, and R2G ad-
hesion in pull and shear modes through systematic pull-off and
shear tests (fig. S5 and section S5). Discrete fibrillar structures of
this size can provide strong load capabilities for gripping and larger
switchability for release, as previously demonstrated (65).

Figure 2A shows the influence of preload on the adhesion strength
of SMP adhesive fibrils in pull and shear modes. In both modes, the
R2G and rubbery adhesion strengths saturate at a small preload of
about 38.5 kPa due to the softness of the SMP in the rubbery phase
during contact. The R2G adhesion is measured to be around 2.0 MPa
in pull mode and 5.1 MPa in shear mode, whereas the rubbery phase
adhesion strength is 164.4 kPa in pull mode and 206.9 kPa in shear
mode. The ratio between the maximum adhesion (i.e., the R2G
adhesion) and the preload of the SMP fibrils is 90 at a preload of
19.2 kPa and 50 at 38.5 kPa, outperforming existing dry adhesives
(ratio of around 1) and the state-of-the-art biomimetic designs using
soft elastomers (ratio of about 6) (66). This wide adhesion range
and large adhesion-to-preload ratio enable a robotic hand to reliably
grip various objects, from fragile items such as eggs and shells to
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heavy objects such as steel balls. In contrast, the glassy adhesion
reaches a maximum of 5.7 kPa in the pull mode and 20.5 kPa in the
shear mode, even at high preload levels. Unlike R2G and rubbery
adhesion, in the glassy phase, the adhesive force in shear mode in-
creases linearly with preload further due to friction. The measured
coefficient of friction is around 0.3803. If friction were used to grip
an object, then insufficient preload would result in sliding and grip-
ping failure, whereas high preloads required for reliable gripping
could deform or damage the object. In scenarios where adhesion is
undesirable, however, minimal adhesion force would be desirable.

As reported in (67), the fibril aspect ratio hugely influences the
adhesion performance. In this study, adhesion tests on fibrils with
various aspect ratios (fig. S6, A and B) showed that, in pull mode
(fig. S6A), R2G adhesion is unaffected by the aspect ratio, whereas
rubbery and glassy adhesion strengths decrease slightly with in-
creasing aspect ratio. In shear mode (fig. S6B), when the aspect ratio
is less than 1, deformation is block-shearing dominant (67) and ad-
hesion strength shows limited dependence on the aspect ratio. How-
ever, when the aspect ratio exceeds 1, adhesion strength decreases
rapidly due to beam bending deformation (67). Together, our results
show that fibrils with smaller aspect ratios lead to stronger R2G ad-
hesion but conform less well to different surface textures. In the cur-
rent work, we used fibrils with an aspect ratio of 1 to ensure that
R2G adhesion is maintained in both pull and shear modes.

In addition to glass substrates, we also characterized the R2G,
rubbery, and glassy adhesion of SMP adhesives on steel, acrylic, and
polypropylene (PP). SMP is known to adapt to different surfaces due
to its shape-locking effect (48). On all surfaces, R2G adhesion ex-
ceeded 1 MPa (Fig. 2B). The rubbery adhesion is about 10 times
lower than the R2G adhesion. The glassy adhesion is about 10 times
lower than the rubbery adhesion. Because of the shape locking of
the conformal contact during R2G adhesion (48, 58), introducing
surface roughness on the tips of the SMP fibrils (section S4) further
reduces the rubbery and glassy adhesion without affecting R2G ad-
hesion (fig. S6, C and D). As surface roughness [root mean square
(RMS)] increases from 0.455 to 46.96 pm, rubbery adhesion drops
from 164.4 to 4.3 kPa in pull mode and from 206.9 to 41.7 kPa in
shear mode. Meanwhile, glassy adhesion decreases from 5.7 to 0.65 kPa
in pull mode and from 20.5 to 2.86 kPa in shear mode. Such reduc-
tions allow adhesion strengths to be switched for on-demand grip-
ping and release and for applications desiring low adhesion. The
microroughness structures can fully recover and be used repeatedly
due to the excellent shape memory performance of the E44-SMP, as
shown in our previous works (28, 48, 65).

In conventional adhesives made of soft elastomers, adhesion forms
upon contact. However, because the minimum adhesion (or detach-
ment) strength for these materials increases with the maximum ad-
hesion strength with large constants of proportionality (Fig. 2, C
and D; see details in fig. S3 and section S3), they cannot be effec-
tively used for both strong adhesion and nonadhesive applications.
In contrast, the maximum and minimum adhesion strengths of SMP
adhesives are nearly independent, as indicated by the small con-
stants of proportionality already summarized in Fig. 1A. With the
SMP adhesive, the ultrastrong R2G adhesion attained from the shape-
locking effect would drop by one to two orders of magnitude when
the adhesive is transformed to the rubbery phase (red stars in Fig. 2,
C and D). Furthermore, in the glassy phase, the adhesion strength
between the SMP adhesive and the substrate drops by an additional
one to two orders of magnitude (blue stars in Fig. 2, C and D). The
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(glassy phase) in shear mode.

wide and tunable adhesion range (0.65 kPa to 2 MPa in pull mode
and 2.86 kPa to 5.1 MPa in shear mode) of the SMP adhesive out-
performs existing smart adhesives (see details in fig. S3, C and D;
tables S1 and S2; and section S3), enhancing robots’ adaptability and
functionality in interacting with complex environments, be adhe-
sion desirable or not.

SMP fibril attachment and detachment on-demand

The wide range of adhesion strength in different phases is attributed
to the tunable modulus of the adhesive, which spans three orders of
magnitude, allowing them to attach on and detach from surfaces

Linghu et al.,, Sci. Adv. 11, eadt4765 (2025) 17 January 2025

on-demand (Fig. 3A). In the glassy phase, the SMP is stiff (E’ ~2 GPa)
and nonsticky. Contacts in this state exhibit minimal adhesion, use-
ful for applications that require low or no adhesion. When heated to
the rubbery phase, the SMP softens (E' ~1 MPa) and forms sticky
contact with the adherend. Such sticky contact achieves interme-
diate adhesion strength according to the Dahlquist criterion
(48). To further understand how the SMP switches from nonsticky to
sticky conditions, we examined the adhesive interactions between
an SMP fibril and common substrates under near zero loading as a
function of the stickiness parameter, y (see details in Materials and
Methods, fig. S7, and section S6) (68). For y > 1, the adhesive is
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nonsticky; a mesoscopic contact area cannot form, and the resulting
adhesion force is negligible. On the other hand, for y < 1, the adhe-
sive is sticky; a finite contact area forms even with minimal preload
and an adhesion force is measurable during pull-off of the adhesive
fibril from the adherend. Figure 3B shows that the SMP fibril in the
glassy phase is nonsticky (y > 1) on all adherends. In the rubbery
phase, the SMP fibril is sticky (¥ < 1) on most adherends with sur-
face roughness (hyms) up to 10.91 pm except for the highly rough-
ened (hyms = 34.39 pm) wooden surface.

The strongest adhesion on a rough substrate is achieved, of
course, through R2G conditions. We further examined the contact
behavior of a hexagonal SMP fibril (5 mm in edge length and 10 mm
in height) with a highly roughened adherend like a segregated steel
plate with 0.5-mm amplitude and 1-mm wavelength. Using the fi-
nite element analysis (FEA) (fig. S8 and section S7) and the contact
testing with fluorescent coatings (fig. S9 and section S8), we find
that conformal contact is possible under sufficiently high preload
and can be maintained upon R2G transition due to the SMP’s shape-
locking effects (48). Figure 3C depicts the testing procedure and
shows the ratio of the true contact area (A) to the projected contact
area (A;) on segregated adherend as a function of preload. It shows
that, in the glassy phase, a small fraction (<10%) of the SMP surface
is in contact with the adherend even at a preload of 250 kPa. The
FEA (inset 1 in Fig. 3C) and fluorescent contact area image (inset 2
in Fig. 3C) confirm this result. In the rubbery phase, on the other
hand, A. increases with the preload, exceeding A, when the preload
is higher than 162 kPa and achieving conformal contact at a preload
level of around 231 kPa (inset 3 from FEA and inset 4 from experi-
mental data in Fig. 3C). These results demonstrate that the tunabil-
ity of modulus and the shape-locking feature of the SMP play an
essential role in enabling the adhesive skin to achieve on-demand
attachment to various surfaces.

Another unique feature of the adhesive skin is its ability to easily
switch from strong adhesion (approximately megapascal) to weak
adhesion through the shape memory effect, characterized by the
switchability ratio. Adhesion switchability is the ratio of the maxi-
mum adhesion strength to the minimum adhesion strength. The
larger the switchability, the easier it is for the adhesive to transition
from strong to weak adhesion and thus to detach on-demand. The
SMP-based adhesion, under the R2G condition, exhibits a switch-
ability ratio of more than 10? (fig. $3, C and D).

To understand the physical principle governing the detachment
of the adhesive skin, we performed comprehensive FEA simulations
of an adhesive SMP fibril (¢ = 1 mm; h = 1 mm) under pull or shear
mode (fig. S10 and section S9). Under pull mode (Fig. 3D), the R2G
adhesion behavior is DMT-like (58). The fibril detaches uniformly
(Fig. 3E) when the interfacial normal stress reaches its theoretical
limit and is evenly distributed across the contact interface (Fig. 3F),
resulting in strong adhesion. In the rubbery phase, however, the
SMP fibril detaches through crack propagation (Fig. 3G) when the
energy release rate reaches the critical value and Griffiths criterion
is met at the crack tip. This leads to an uneven load distribution
across the contact interface and JKR-like adhesion (58) as shown in
Fig. 3H, leading to reduced adhesion strength. Under shear mode
(Fig. 31), the detachment (Fig. 3]) and the interfacial stresses (Fig.
3K) are shear-dominant under the R2G condition. This results in a
strong shear adhesion strength. In the rubbery phase, the SMP ad-
hesive fibril displays an opening-dominant detachment behavior
(Fig. 3L). Large deformation at the crack front or the edge causes the
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interfacial stress to be dominated by normal stress (Fig. 3M), re-
sulting in weak shear adhesion strength. This opening-dominant
failure under shear loading has also been reported in multilayer
nanosheets (69).

Applications of SMP adhesive skins

As proof of concept, we integrated the adhesive skin onto a robotic
hand and demonstrated that it can be used to perform various non-
adhesive and adhesive functions. Figure 4A demonstrates that the
adhesive skin integrated with a pressure sensor can detect surface
morphology in the nonsticky, glassy phase. The nonadhesive state
allows the robotic finger to slide smoothly across the surface with
wavy textures of various amplitudes. Both the wavelength and am-
plitude of the recorded signals are consistent with surface textures.
In contrast, when the SMP adhesive fibrils are in the sticky, rubbery
phase or when the fibrils are made of polydimethylsiloxane (PDMS),
the adhesion hinders accurate detection of the surface textures. Ad-
hesion and stick-slip behavior (47, 70, 71) can cause significant
noise as seen in the recorded signals (Fig. 4A and movie S1).

Similar challenges are encountered when the robotic hand is
used to grip a light, 25-g towel to clean a plate (movie S2). After
gripping the towel under the R2G conditions, the SMP is heated to
the rubbery phase to reduce the adhesion, attempting to release the
towel. However, in the sticky rubbery phase, even weak adhesion
causes the towel to stick to the adhesive skin, preventing its release
after cleaning (Fig. 4B). Neither opening nor shaking of the robotic
fingers could release the towel due to adhesion. In contrast, when
gripping in the nonsticky, glassy phase, the frictional force from the
fingers allowed reliable pickup of the towel for cleaning (Fig. 4C)
and easy release by opening the grips.

Using the adhesive skin’s ability to attach with high adhesion
strength under the R2G condition and detach with low adhesion
strength in the rubbery phase, we demonstrate the on-demand,
switchable adhesion for various robotic manipulations. For exam-
ple, robotic fingers mounted with the adhesive skin can grip and
release fragile quail eggs (Fig. 5A and movie S3). Frictional grip-
ping of an object typically requires sufficiently high pressure (as in
the case of human hand picking up a glass of water), and the ultra-
strong R2G adhesion allows the robotic fingers to grip quail egg
with minimal preload. The large grip force to preload ratio (>50)
ensures that the quail eggs adhere firmly to the robotic fingers and
are released easily when the adhesive skin is reheated to the rub-
bery phase. Figure 5A also demonstrates the robotic hand’s ability
to manipulate multiple quail eggs simultaneously. In contrast, con-
ventional rigid grippers are prone to breaking the eggs during ma-
nipulation (72).

Because the SMP adhesion is based on physical, van der Waals
interactions, and the shape-locking effect, it is ubiquitous, not de-
pending on the adherend materials or surface conditions. Figure 5B
and movie S4 demonstrate that robotic hands with adhesive skin
can grip objects made of various materials including plastics, wood,
glass, and ceramics, as well as objects with different surface curva-
tures, from hollow steel balls with radius ranging from 10 to 40 cm
to flat glass plates. In contrast, without the adhesive skin, the robotic
hand is unable to grip even a relatively small steel ball with a radius
of 10 cm (fig. S11 and section S10). Mounting the adhesive skin on
an electronic glove also allows a person to pick up multiple objects
simultaneously or handle large and smooth steel balls (fig. S12 and
section S11).
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Fig. 4. Demonstrations of applications using the integrated robotic adhesive skin system in its nonsticky state. (A) Surface morphology detection, where minimal
adhesion between the substrate and SMP fibrils in the glassy phase enables smooth traversal of the robotic hand across various surface textures with small, medium, and
large amplitudes, resulting in accurate detection of surface morphologies using a pressure sensor (blue lines). In contrast, for PDMS or SMP fibrils in the rubbery phase,
accurate detection of the surface morphologies is hindered, and the recorded signals (red line for rubbery SMP and gray line for PDMS) exhibit a lot of noise caused by
adhesion and stick-slip issues (see more details in movie S1). (B and C€) Handling a light object, where a towel (25 g) is used for cleaning a plate. (B) Upon contact in the
rubbery phase, the sticky SMP skin on robotic fingers obstructs the release process after gripping, wiping, and cleaning manipulations. (C) In contrast, in the glassy phase,
the frictional force facilitates reliable gripping and manipulations (wiping and cleaning), and the minimal adhesion ensures an instantaneous release upon opening the

robotic fingers (see more details in movie S2).“t"in (B) and (C) refer to the time. s, seconds.

The ability of a friction-based robotic gripper to pick up an ob-
ject is limited by the amount of pressure the object can bear or by
the load capacity of the robotic motor. Figure 5C and movie S5
show that a robotic hand trying to grip a heavy (1.2 kg) aluminum
block with adhesive skin in the glassy phase slips and fails due to
insufficient friction. In contrast, Fig. 5D and movie S5 show a ro-
botic hand with adhesive skin under the R2G condition ensures the
firm gripping and lifting of the aluminum block and easy release of
it when heated back to the rubbery phase. In summary, these dem-
onstrations show that the SMP-based adhesive skin, under the R2G
condition, has the potential to greatly enhance the efficiency and
capabilities of robots.

DISCUSSION
In this study, we successfully engineered a versatile robotic adhesive
skin by integrating SMP adhesive fibrils, flexible heaters, and flexible
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pressure sensors. The adhesive skin exhibits both the sensory func-
tions of natural skin tissues and the on-demand adhesive capabili-
ties. The tunable properties of SMPs enable the adhesive skin to
attach strongly to and detach easily from a wide range of material
surfaces. We show that with the adhesive skin, a robotic hand can
manipulate a variety of objects in ways that existing adhesives can-
not. The adhesive skin can also be used in various scenarios, from
accurately detecting surface textures and dexterous handling of
lightweight items to securely gripping fragile, large, or heavy ob-
jects. The adhesive skin greatly expands the scope and capabilities of
interactions that are available to robots in diverse environments, in-
cluding those where adhesion is desired or to be avoided.

Our adhesive skin with its broad adhesion spectrum (0.65 kPa to
2 MPa in pull mode and 2.86 kPa to 5.1 MPa in shear mode) and
large adhesion switchability (>100) under ultrastrong adhesion
strength (>1 MPa) is expected to reshape industries that require precise
and adaptable object manipulation. In measurement, maintenance,
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Fig. 5. Demonstrations of applications using the integrated robotic adhesive skin system in its switchable adhesion state. (A) Gripping of various kinds of objects,
including quail eggs, plastic ball, wood cube, glass bub, and ceramic plate. (B) Gripping and release of large objects, including steel shells with radii ranging from 10 to 40 cm,
and a flat glass plate. (C and D) Comparison of gripping manipulations of a heavy aluminum disk (1.2 kg) with an acrylic handle using the robotic hand equipped with SMP
adhesive skins in the (C) glassy phase relying on friction, which cannot provide sufficient gripping force and leads to sliding and gripping failure, versus (D) the reliable
gripping via strong R2G adhesion followed by release in the rubbery phase. s, seconds.
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textile, and paper industries, where surface detection and dexterous
manipulation are crucial, this robotic technology promises to en-
hance productivity, safety, and precision by providing good adhesion
and preventing unwanted adhesion on-demand. In manufacturing,
the robots’ ability to precisely handle fragile and delicate compo-
nents with switchable adhesion can improve product quality and
production efficiency. Whereas in industries such as construction
and logistics, this robotic technology can provide strong and robust
adhesive for securely grasping heavy objects and deliver the cargos
to target locations. In health care, robots with adhesive E-skin can
be used for delicate and precise operations with minimal risks to
patients. Successful integration of these adhesive skins into elec-
tronic adhesive gloves also highlights their potential to enhance our
ability to perform daily activities that are deemed too difficult.

For practical applications, however, the switching speed between
the rubbery and glassy phases will need to be optimized. The current
thermal control mechanism, which takes about 1 min for a heating
and cooling cycle, is slow for some applications that require the ad-
hesive to attach and detach rapidly. In addition, the transition tem-
perature is around 51°C, which limits the robotic skin’s applicability
in temperature-sensitive scenarios, such as handling humans or live
animals. Alternative materials with faster transitions (73-76) that
might involve different actuation methods and lower transition tem-
peratures (77) may be explored in future studies. On the other hand,
for high-temperature applications, SMPs with higher transition tem-
perature should be applied. Integrating other types of sensors onto
the adhesive skin to match or exceed the capabilities of natural skin
would broaden its applications. Furthermore, incorporating com-
munication capabilities into these sensors can enhance the versatil-
ity of the adhesive skins even more. For example, detected signals
can be used to guide the amount of preload applied during gripping.
In addition, further exploration of the arrangement and interaction
between sensors, adhesive layers, flexible heaters, and pillars is needed
to improve sensing capabilities. Thermal isolation designs should
also be incorporated to accommodate both flexible heaters and tem-
perature sensors. The shape and arrangement of the adhesive fibrils,
as well as the curvature effects of the skins, can be further optimized
to achieve better adhesion capabilities. Having a single adhesive that
can attach and detach on-demand for various application scenarios
is an important step forward in the field of robotics because it ex-
tends the range of interactions a robot can have with its environment.

MATERIALS AND METHODS

Materials

Clear Resin (Formlabs Inc., USA) was used for the stiff molding. Eco-
flex 00-30 (Smooth-On Inc., USA) was used for soft molding.
The E44 monomer (Feicheng Deyuan Chemical Co., China)
and the cross-linker poly(propyleneglycol)bis(2-aminopropylether)
(Shanghai Aladdin Bio-Chem Technology Co. Ltd., China) were used
to fabricate the adhesive skin. Flexible printed circuit board heaters
were ordered from Shenzhen Huaxin Express Technology Co. Ltd.,
China, and the flexible piezoresistive pressure sensors were ordered
from Shanghai CHENG TEC Co. Ltd., China.

Methods

Fabrication of the adhesive skin patches

We started the production of the adhesive skin patches by creating a
stiff mold with pillar arrays, fabricated using Clear Resin and a Form
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3+ SLA 3D printer. Ecoflex 00-30 precursors were mixed in equal
parts, degassed for 3 min, and poured into the mold, followed by
another 5-min degassing. The mix was cured at room temperature
for 2 hours, forming a soft Ecoflex mold with pillar holes. Liquid
adhesive precursors were then cast into this soft mold, with a flexi-
ble heater embedded in the liquid. Following a final degassing, the
mixture was left to cure, resulting in adhesive skin patches with top
fibrillar structures and integrated flexible heaters. These patches, de-
signed for various positions of a robotic hand including fingers and
palm areas, were tailored according to the dimensions of the rigid
molds. More details can be found in section S1.

Synthesis of the E-44 SMP

The E44-SMP was prepared by mixing the liquid cross-linker,
poly(propyleneglycol)bis(2-aminopropylether), with the liquid E44
monomer at a mass ratio of 81:48. Subsequently, this mixture un-
derwent a 30-min degassing process in a vacuum chamber. Follow-
ing the degassing, the liquid compound was poured into molds and
subjected to a 2-hour precuring phase at 50°C. This was followed by
1 hour of curing at 100°C and a subsequent postcuring period of
1 hour at 130°C. More details can be found in section S2.

Modulus characterization of the E44-SMP

A dynamic mechanical analyzer was used to assess the storage mod-
ulus (E’) of the SMP materials across a range of temperatures, using
a measuring frequency of 0.5 Hz and a temperature ramp rate of
2°C/min. To produce the rectangular test specimens (each measur-
ing 30 mm in length, 6 mm in width, and 2 mm in thickness), we
formed an initial 2-mm-thick SMP membrane within the mold.
Subsequently, these specimens were precision cut into the desired
geometry using a laser cutter. More details can be found in section S2.
Fabrication of the rough SMP adhesive fibrils

The rough surface textures of the SMP adhesive fibril tips were rep-
licated from sandpapers. Initially, a rigid fibril mold was generated
via 3D printing, onto which a sandpaper template was affixed. Sub-
sequently, liquid Ecoflex precursors, which had been mixed and de-
gassed in advance, were poured into the rigid mold. Following a
2-hour curing period at room temperature, the pliable Ecoflex mold
was acquired. Next, premixed and degassed SMP liquid precursors
were introduced into the flexible Ecoflex mold and subjected to an
additional 30-min degassing process in a vacuum chamber. Ulti-
mately, the resulting SMP rough fibril, reproducing the surface tex-
ture of the sandpaper template, was obtained following curing in an
oven (further details can be found in section S4).

Adhesion test of the SMP adhesive fibrils

Pull-off tests (48, 58) were used to quantify the normal adhesion
behavior. During these tests, the adhesive samples were gently
brought into contact with the glass adherend surface at an extremely
low speed of 10 pm/s. Subsequently, they were steadily pulled away
at a constant speed of 10 mm/min, controlled by displacement. The
shear adhesion performance was assessed using shearing tests. In
this procedure, SMP adhesive fibrils, attached to a glass indenter,
were linked to a vertical load cell via a clamp. This setup enabled the
controlled contact of the SMP fibrils with a sliding glass placed on a
stationary glass, achieved by moving the vertical load cell at a speed
of 10 pm/s until a predetermined preload was reached. Subsequent-
ly, the horizontal load cell, through a connecting string, laterally
sheared the sliding glass at 10 mm/min. The resulting shear adhe-
sion force was determined by calibrating against the frictional force
between the moving and stationary glass substrates. Additional in-
formation is provided in section S5 for reference.
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Calculation of the stickness parameter
06
The stickiness parameter (68) was given as y = (h,,,/ 8) / (2 M) ,

4 &
where irms = Max(Ry . B ) is the maximum RMS roughnesqg am-
plitude among the SMP adhesive fibril h{__and the adherend i?_,
and € = Ay/oy, is the adhesive interaction distance with Ay being
the work of adhesion and oy, as the theoretical adhesion strength,
l, = AY/E" defines a characteristic adhesion length that can be used
to quantify the relative strength of adhesion, where E* = E / (1 - vz)
with E and v being the modulus and Poisson’s ratio of the SMP ad-
hesive fibril, respectively; qo = 2n/L is the largest wavelength in the
roughness spectrum with L as the largest lateral characteristic di-
mension. For van der Waals force (78),& ~ 10~ mand Ay ~ 10 mJ/m>.
For the SMP adhesive fibril, L = 2 mm, leading to £q, ~ 7 X 107, The
modulus values of the SMP are 1 MPa and 2 GPa, and Poisson’s ra-
tios are 0.5 and 0.35, in the rubbery and glassy phases, respectively.
FEA simulations of the forced contact
Three-dimensional (3D) FEA simulations using ABAQUS were car-
ried out to examine the forced contact between a hexagonal SMP
fibril and a segregated steel plate in both rubbery and glassy phases.
The simulation involved a square die compressing the SMP fibril
against the plate, both assumed to be much stiffer than the SMP. The
rubbery phase of the SMP was modeled using the first-order Ogden-
Roxburgh model, whereas the glassy phase was modeled as an iso-
tropic elastic solid. Displacement boundary conditions were applied
in the simulations, with the bottom plate fixed and a given displace-
ment loading at a velocity of 1 mm/s applied on the die. The FEA
used coupled Eulerian-Lagrangian analysis, with the SMP fibrils
and the die/plate modeled using Eulerian and Lagrangian elements,
respectively. The contact pressure images were processed using
Image] to determine the contact area under different pressures.
See more details in section S7.

Experimental observation of the forced contact

Macroscopic contact tests were performed to evaluate the SMP’s attach-
ment capabilities during its phase transition from glassy to rubbery.
The tests used a hexagonal SMP fibril molded to specific dimensions
(edge length = 5 mm and height = 10 mm) and a machined segregated
steel plate (amplitude = 0.5 mm and wavelength = 1 mm). Fluorescent
nanoparticles, illuminating under ultraviolet (UV) light, were used to
mark the contact areas. The process involved coating the substrate with
a PDMS layer for nanoparticle adhesion, followed by the application of
the nanoparticles and subsequent removal of excess nanoparticles. The
contact procedure varied with the SMP’s phase. In the glassy phase, the
SMP fibril's contact with the nanoparticle-laden substrate facilitated
nanoparticle transfer. These contact regions were then illuminated with
UV light and imaged in the dark. Similarly, in the rubbery phase, the
SMP’s shape locking upon reverting to the glassy phase maintained the
contact pattern, which was also visualized post-UV irradiation in a
dark room. See details in section S8.

FEA simulations of on-demand detachment

3D FEA simulations were performed in ABAQUS/Explicit to ana-
lyze the switchable adhesion of SMP adhesive fibrils under both pull
and shear modes. In the pull mode, vertical pulling displacement was
applied to the top of the SMP fibril. In the shear mode, shear dis-
placements were applied to a rigid plate tied to the fibril’s upper sur-
face. The adhesion was modeled using a layer of cohesive elements
with zero thickness. C3D8R elements were used for the SMP fibril,
and COH3DS8 elements for the cohesive layer, with a 50-um mesh
size. The SMP was modeled as an elastic material with a modulus of
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2 GPa and a Poisson’ ratio of 0.35 in its glassy phase and as a hyper-
elastic material described by the Ogden model in its rubbery phase.
Adhesive interactions were modeled using a linear traction-separation
law, with damage initiation and evolution parameters specified for
both pull and shear modes as detailed in section S9 in the Supple-
mentary Materials. The FEA explored four scenarios: pull and shear
modes in both rubbery and glassy phases. These processes involved
applying displacements until the SMP fibril detached. See more de-
tails in section S9 in the Supplementary Materials.

Supplementary Materials
The PDF file includes:

Supplementary Sections S1to S11
Figs.S1to S12

Tables S1.and S2

Legends for movies S1to S5
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