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Sensing-triggered stiffness-tunable smart adhesives

Duorui Wang"?t, Hong Hu"3t, Shuai Li't, Hongmiao Tian'*, Wei Fan® Xiangming Li'?,

Xiaoliang Chen'2, Ambrose C. Taylor®, Jinyou Shao'%*

Artificial dry adhesives have exhibited great potential in the field of robotics. However, there is still a wide gap
between bioinspired adhesives and living tissues, especially regarding the surface adaptability and switching
ability of attachment/detachment. Here, we propose a sensing-triggered stiffness-tunable smart adhesive ma-
terial, combining the functions of muscle tissues and sensing nerves rather than traditional biomimetic adhesive
strategy that only focuses on structural geometry. Authorized by real-time perception of the interface contact
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state, conformal contact, shape locking, and active releasing are achieved by adjusting the stiffness based on the
magnetorheological effect. Because of the fast switching of the magnetic field, a millisecond-level attachment/
detachment response is successfully achieved, breaking the bottleneck of adhesive materials for high-speed
manipulation. The innovative design can be applied to any toe’s surface structure, opening up a previously

unknown avenue for the development of adhesive materials.

INTRODUCTION

Bioinspired dry adhesives have incomparable technical advantages
in complex application, such as extraterrestrial manipulation in an
extreme space environment, or for ultrathin/fragile/dust-free silicon
wafer operation (1-5). This can be attributed to the uniqueness of
dry adhesives to provide strong adhesion, good stability, environ-
mental adaptability, and no damage/pollution to the target
surface, which can break the application bottleneck of conventional
operation strategies (6—9). For instance, mechanical clamping re-
quires a matching design of target objects, and sucking with nega-
tive pressure can easily lead to stress concentrations. In the past two
decades, substantial progress has been made in dry adhesives, which
concern the interface action mechanisms (van der Waals forces,
negative pressure effect, capillary action, etc.) (I, 10~12), fabricating
methods (lithography, molding, dipping, etc.) (13—-17), material
characteristics optimization (geometrical shapes, material mechan-
ical properties, etc.) (6, 18-25), attachment/detachment control
methods (contact area control, peeling behavior control, anisotropic
structures, etc.) (4, 5, 9, 26, 27), and adhesive devices or systems
(self-adhering flexible electronics, climbing robots, manipulation
of production line items, etc.) (28-34).

There is still a wide gap between artificial adhesive materials and
living tissues, namely: (i) Surface adaptability. Living organisms can
exhibit stable adhesion on flat and uneven surfaces. In contrast, ar-
tificial adhesive materials usually exhibit strong adhesion on flat
surfaces, which however decreases sharply on uneven surfaces.
This can be due to the limited contact area between adhesive mate-
rials and target surfaces, which can be further ascribed to the spe-
cific shape and contour of the uneven surface. Despite the diverse
strategies developed via structural and material optimization (9, 13,
16, 35, 36), the enhancement of adhesion is not notable. (ii) Fast
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response of attachment/detachment. Natural organisms can
quickly crawl over the target surface. By contrast, the switching
time of attachment/detachment of adhesive materials is slow
(usually at the scale of several minutes). Recently, various
methods have been proposed aiming to improve the response
time based on approaches such as displacement-speed control
(27, 37, 38) or the use of deformable materials (4, 5, 26, 27), etc.
Unfortunately, current adhesive materials cannot reach the level
of living ones, implying that they cannot be used in high-speed sce-
narios such as automatic production lines. Thus, it remains a great
challenge to develop dry-adhesive materials with both superior
surface adaptability and fast adhesion switching capability.

In fact, biological organisms, such as reptiles, can quickly climb
on various surfaces without any hesitation regarding the surface
texture, material category, and interfacial morphology. In addition
to the adhesion of surface microstructures, the excellent climbing
ability of reptiles is also inseparable from the active regulation of
the muscles and nervous system linked to the toes. More specifically,
muscles can instantly change the stiffness of the adhesion system on
demand by adjusting the contraction or relaxation state, which is
beneficial for soft contact and hard adhesion (i.e., conformal
contact and shape locking on target surfaces). Furthermore, the
switching ability of attachment and detachment to target surfaces
is also enabled by the tunable stiffness of the muscles. That is, a
soft-then-hard stiffness state is used for attachment and a sole soft
for detachment. This transition of muscle stiffness is usually on the
millisecond scale (100 to 500 ms) (39, 40), which provides the rapid
adhesion switching ability of the sole to the interface. Another crit-
ical factor related to the climbing behavior of reptiles is determining
when to soften and when to harden the muscles, which is triggered
by the nervous system. Commanded by the interface contact status
in real-time detection, reptiles can control the stiffness of muscle
systems as well as apply an appropriate mechanical load between
toes and target surfaces, achieving conformal contact. Nevertheless,
current bioinspired strategies of adhesive materials are isolated by
physiological structure or topography, ignoring the tunable stiff-
ness—based active adhesion behavior triggered by contact-state
sensing. Although Bartlett and colleagues (41) realized target
object identification and subsequent adhesion state triggering
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process by combining optical sensor and reversible adhesion, there
is still a lack of real-time monitoring of mechanical signals of inter-
face adhesion state, which is fundamentally different from contact-
state sensing. Therefore, the deficiency on active adhesion impedes
the development of adhesive materials with respect to surface adapt-
ability and rapid switching adhesion.

Here, to reduce the wide gap between artificial adhesives and
living adhesives, we propose a sensing-triggered stiffness-tunable
adhesive controlled by the magnetorheological effect. Such an ad-
hesive achieves the rapid tunable-stiffness effect of functional
muscles and senses on the contact status of a perceptron neural
network and the interfacial action of epidermis structure, contrib-
uting to a new generation of dry adhesives with good adaptability to
diverse surfaces and quick attachment/detachment response
(Fig. 1). It is noteworthy that the muscle and sensing functions as
well as microstructure are integrated into one material, enhancing
the overall performance without sacrificing any functional parts.

RESULTS

Design of sensing-triggered stiffness-tunable dry

adhesives

For this all-in-one adhesive material, a connected conductive
network filled with magnetorheological grease is introduced
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beneath the adhesive structural layer to mimic the muscle tissue
and tactile sensing system functions of reptiles’ toes, as well as
mushroom-shaped microstructures selected as the adhesive struc-
tures (Fig. 1A). As a stiffness-adjustable material, magnetorheolog-
ical grease has been proved to combine with adhesive structures to
achieve switchable adhesion (42-44). The magnetorheological
grease was prepared by mixing ferric oxide and liquid silicone
rubber with a mass ratio of 4:1; the detailed fabrication processes
are demonstrated in fig. S1. When it is used to contact the target
surface, the underlying artificial muscle is in a soft state with the
magnetic field off according to the interfacial sensing signals, pro-
viding sufficient deformation and contributing to a good adaptabil-
ity (Fig. 1Bi). Subsequently, it changes immediately from the soft
state to the hard state by turning magnetic field on. The abovemen-
tioned conformal contact can be frozen rapidly, contributing to a
high adhesion strength (Fig. 1B, ii and iii). Then, the artificial
muscle can quickly recover to the soft state by removing the mag-
netic field, which is beneficial for lowering the adhesive force due to
the peeling phenomenon on the bonding interface; this is moni-
tored by the interfacial sensing as well (Fig. 1Biv). Moreover,
because of the fast variation of the external magnetic field, the re-
sponse time of switchable adhesion is usually in the millisecond
scale, which is sufficient for robotic operation applications.
Figure 1C depicts different frozen shapes after contacting in a soft
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Fig. 1. lllustration of sensing-triggered stiffness-tunable dry adhesives based on the magnetorheological effect. (A) Schematic of the all-in-one adhesive material,
which contains mushroom-shaped microstructures and a connected conductive network filled with magnetorheological grease. (B) Dynamic attachment-detachment
process of the adhesive material on nonflat surfaces. (C) Frozen shapes of the adhesive material after contacting in a soft state and detaching in a hard state controlled by
the magnetic field. (D) Schematic diagram of the intelligent operation, in which the variation of resistance can assess the contacting status for safe attachment and stable
detachment. (E) Surface adaptability and real-time sensing function of the all-in-one material on difficult-to-grasp objects, such as a cup, golf ball, bell pepper, tomato,
and drinks can. The real-time change of resistance can be roughly divided into preload (1), grasping, (Il) and releasing (Ill).
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state and detaching in a hard state with the magnetic field off/on,
indicating a good adaptability on nonflat surfaces. By monitoring
the resistance change of the conductive network, which is also
used as a container filled with magnetorheological grease for inte-
grated functions of muscle and sensors, one can assess the entire
operating process and guide the artificial muscle (soft or hard
status) to attach or detach on-demand (Fig. 1D). The red curve
refers to the real-time resistance change of the adhesion interface
detected by the sensing function during object manipulation.
During pressure stage, the sensor presents the characteristic of
two phases with the resistance increasing first and then decreasing.
Subsequently, in the transporting stage and detachment stage, the
resistance of the sensor increases because of the continuous
tension caused by the object’s gravity and the adhesion. Figure 1E
displays some difficult-to-grasp objects, such as a cup, golf ball, bell
pepper, tomato, and drinks can, manipulated by the all-in-one ad-
hesive material, highlighting its superior adhesion on various target
surfaces and real-time sensing function. The manipulation process
of different objects can be roughly divided into preload (I), grasping
(II), and releasing (III), and the trend of resistance change in real
time is basically consistent with that of Fig. 1D. The detail process
of manipulating these objects including picking up and placing
down along with the real-time resistance can be seen in fig. S2
and movie S1 in the supporting information.

Adhesion performance

The tunable stiffness of artificial muscle is a critical feature for the
surface adaptability of this all-in-one adhesive material. Figure 2A
shows the elastic modulus of the synthetic material under different
magnetic field strength levels. In the experiments, the magnetic field
was applied horizontally and the stiffness was measured vertically
(fig. S3). Initially, the elastic modulus of the synthetic material
was about 40 kPa. When a magnetic field with a strength of 65
mT was applied, the elastic modulus increased markedly to 700
kPa, i.e., a 20-fold increase in stiffness, transforming from the soft
state to a hard state. The increase in stiffness can be attributed to the
magnetorheological grease that was confined in the polyurethane
network skeleton; that is, besides the so-called magnetorheological
effect itself, the skeleton network hinders the flow or deformation of
the magnetorheological grease, resulting in a higher stiffness (figs.
$4 and S5). In addition, the variation range of stiffness incurred by
external magnetic field can be adjusted via changing the material
ratio between ferric oxide and liquid silicon rubber. The time-
varying stiffness characteristics of the adhesive material affect the
adhesion performance essentially through conformal contact and
reliable locking, i.e., soft state in the contacting process and hard
state in the detachment process. It is evaluated by testing the
normal adhesion to the spherical tip with a radius of 5 mm using
a load-pull measurement method, in which the sample is firstly
brought into contact with the glass sphere probe in a state of mag-
netic field off (soft state) and then reversely pulls at a speed of 5 mm/
min in a state of magnetic field on (hard state) to obtain the value of
adhesion. Compared to a dry-adhesive covering with rigid backing,
the smart adhesive exhibited a 10-fold increase in the adhesive
strength due to the deficiency of the rigid backing for conformal
contact (Fig. 2B). Moreover, the adhesion strength of the smart ad-
hesive material is also adjustable with the different magnetic field
intensity (fig. S6). Despite that the adhesion force varied because
of the contact area changes for the different sphere-shaped

Wang et al., Sci. Adv. 9, eadf4051 (2023) 15 March 2023

probes, the smart adhesive always exhibited an overwhelming ad-
vantage compared to a dry adhesive with a rigid backing, by more
than one order of magnitude (Fig. 2C). Furthermore, this smart all-
in-one adhesive material was also much superior to the adhesive
with soft backing, which is a practical and effective way to
improve the adhesion performance on nonflat surfaces. The stiff-
ness adjustment of the smart adhesive on-demand is similar to a
functionalized muscle rather than the soft backing while keeping
the soft state invariably because of the deficiency of the ability to
lock the contact state, thus contributing to a further increase in
the adhesion strength. Furthermore, this enhancement comes not
only from the tunable-stiffness feature of the backing; the mush-
room-shaped microstructures also play an important role that can
enhance the adhesion when attaching to sphere or complex-shaped
indenters (fig. S7).

To investigate the action of stiffness on nonflat surfaces, we re-
corded the contact status during the entire loading and pulling pro-
cesses (Fig. 2D). For the material with hard backing, because of the
rigid substrate and limited deformation of the surface layer, the area
contacting the sphere-shaped probe was quite small (Fig. 2Dii), i.e.,
point-like contact, which led to poor adhesion. Replacing the
backing with a soft material can effectively increase the contact
area and increase the adhesion strength accordingly. Nevertheless,
different strategies, such as keeping the soft state invariable or
switching to a higher-stiffness state in the pulling process, would
lead to quite different performances. These differences derive
from the changes in the contact state, i.e., whether the conformal
contact can be maintained or not (Fig. 2Diii). For the former, the
recovery of the soft adhesive in the pulling process decreases the
contact area and forms an N-shaped contact at the moment of de-
taching. For the latter, the U-shaped contact remains almost un-
changed during the entire pulling process because of the high
stiffness. This constant U-shaped contact in the detachment
process provides a relatively large contact area, small peel-off
angle, and possible tangential friction, which are all beneficial to im-
proving the adhesion performance. According to the monitoring
image at the moment of detaching, the contact area under smart
grasping was notably about 23 times larger compared to the soft
one, no obvious peeling behavior was observed, and the angle
between adhesive material and sphere surface at the contact edge
was about 20.89°, far smaller than that in soft detaching (figs. S8
and S9). The hard and conformal contact between the smart adhe-
sive and sphere also changed the detaching behavior mode from
normal to hybrid normal tangent. In this situation, the friction in
the tangential direction contributes also to the improvement of ad-
hesion strength. In addition, U-shaped deformation can be quickly
recovered to the flat shape after magnetic field is removed (fig. S10).
Rapid shape locking and recovery also endow the adhesives with
good cycling performance (fig. S11).

In some degree, irregular or roughness surface can be regard as
combination of numerous protruding probes with different shapes
and sizes. Thus, the proposed smart adhesive may have great supe-
riority in grasping these difficult-to-adhesion objects in traditional
concept. Figure 2 (E to G) demonstrates the performance of the
smart adhesive on rough surface and surfaces with spherical cap,
and pyramid structures; the specific dimensions of the uneven sur-
faces can be found in fig. S12. Although surfaces with different mor-
phologies result in different adhesion strengths, the strength under
smart grasping was remarkably improved for all types of surfaces.
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Fig. 2. Adhesion performance of the all-in-one adhesive material. (A) Elastic modulus of the synthetic material under different magnetic field magnitudes. (B) Ad-
hesive force of the smart adhesive compared with traditional dry-adhesive covering on rigid backing. (C) Adhesion of the smart adhesives on sphere-shaped probes with
different curvatures compared with dry-adhesives covering on rigid and soft backing. (D) Real-time recorded contact states in the entire loading and pulling processes of
the smart adhesive and dry adhesives with rigid and soft backings. (E to G) Adhesion of the smart adhesive material on a rough surface and surfaces with spherical cap

and pyramid structures.

The difference in the absolute adhesion strength originates from the
change in the contact area; a slowly changing surface topography,
such as that with spherical cap structures, is much easier to be con-
tacted conformably and results in a relatively larger adhesion
strength (fig. S13).

Adhesion enhancement mechanism

To better understand the tunable-stiffness adhesion enhancing
mechanism, we propose a numerical model on the basis of interfa-
cial cohesive zone theory to analyze the contact-separation process
for three scenarios (hard, soft, and tunable stiffness). In this model,
three stages were adopted to evaluate the adhesive status: stage I, the
contact state (moment of the maximum deformation to demon-
strate the contact state); stage II, the inversion or pulling state
(moment of the reversal interfacial stress to demonstrate the
working region on adhesion); and stage III, the separation state
(moment of the adhesive material separated from the probe to

Wang et al., Sci. Adv. 9, eadf4051 (2023) 15 March 2023

demonstrate the output adhesive force) (Fig. 3A). The numerically
obtained dynamic contacting-separation behavior is presented in
movies S2 to S4. Similar to the experimental observations, the
contact area of soft and tunable-stiffness adhesive was much
larger than that in the hard one, with an identical preload due to
the lower elastic modulus (stage I; Fig. 3A). This was accompanied
by the evolution of the contact area demonstrated in Fig. 3B. In this
stage, the critical parameter was the elastic modulus, determining
either point contact (hard backing) or U-shaped contact (soft and
tunable stiffness). The latter significantly eliminated the stress con-
centration in the contact interface, which was beneficial for improv-
ing the contact area (Fig. 3C).

In stage II, the interfacial stress changed from compressive to
tensile, that is, adhesive force appeared. At this moment, the
amount of adhered microstructures is listed as tunable stiffness,
soft and hard from greatest to least, which may be a reason
behind the superior performance of tunable stiffness. In the soft
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Fig. 3. Adhesion enhancement mechanism of adhesive materials on curved surfaces. (A) Stress distribution of soft, hard, and tunable-stiffness backings in the three
stages during the contact-separation process. (B) Contact area evolution in the attachment process. (C) Interfacial distribution of von Mises stress in the contacting region
for the three backing cases under maximum deformation. (D) Interfacial distribution of normal contact stress in the contacting region under an identical adhesive force.
(E) Numerical results on adhesive force for the three backing cases. (F and G) Variation of interfacial stress with pull-load forces for the three backing cases from the

maximum normal stress (F) and maximum shear stress (G) perspectives.

and hard cases, the deformation recovery of the different micropil-
lars was not synchronized because of the unequal stored elastic
energy of compression on the curved surface, which lead to a
large difference in the stress at the bonding interface. On the con-
trary, in the tunable-stiffness case, the deformed geometry was in-
stantaneously frozen by the applied magnetic field and the elastic
energy was "locked.” Consequently, the micropillars tend to be
stretched as a whole. Here, the stress distribution is listed from
good to poor as tunable stiffness and soft and hard backing layer,
based on the viewpoint of interfacial equal load sharing (Fig. 3D),
which may be another explanation for the experimental results
(Fig. 2). In addition, the distribution of the shear contact stress
was also flattened because of the tunable-stiffness effects (fig.
S17). With the further increase of the pulling distance, the

Wang et al., Sci. Adv. 9, eadf4051 (2023) 15 March 2023

adhered micropillars inevitably began to get damaged, and a
crack extended gradually across the entire contact interface, until
maximum adhesion force was reached (stage III; Fig. 3A). In this
stage, the contact area of the adhesive with soft backing was
clearly reduced but was still larger than that of the hard backing,
which again emphasizes the importance of the conformal contact
induced by a low modulus. In contrast, the contact area of the ad-
hesive with tunable-stiffness backing remained almost unchanged
during this process (ideal U-shaped contact). The adhesive force
results of the three backing cases are demonstrated in Fig. 3E,
which are basically consistent with the experimental results,
except of the differentiation lower than the experiments. To save
computation time, a two-dimensional model was used for simula-
tion, which is bound to cause the difference between Finite Element

5o0f 12

€202 ‘60 JoquisnoN U0 AlISAIUN 21UYIRIA|0d Buoy BuoH Te Bio'sous 10s" Mmm//:sdny Wwou) papeojumoq



SCIENCE ADVANCES | RESEARCH ARTICLE

Analysis and experiments. In addition, the reason could also be the
difference of contact state between the numerical analysis and the
experimental testing, i.e., the former can be considered as an ideal
contact, while the latter is often affected by some factors (such as
structural defects and test conditions).

In the evolution from stage II to stage III, the interfacial stress,
consisting of normal and shear stresses, can be used to deeply un-
derstand the adhesive mechanism from the detachment process
perspective (Fig. 3, F and G). The soft backing had the highest
normal stress and quickly reached the damage threshold value,
which triggers the first peeling-off of micropillars (curve decline).
Subsequently, its normal stress became lower than that of the
hard backing, indicating that its ability to oppose normal damage
is superior to that of the hard backing. On the contrary, the
normal stress of the tunable-stiffness backing kept increasing line-
arly at low levels, implying a hindering effect on separation. Simi-
larly, the tunable-stiffness backing maintained the lowest shear
interfacial stress with a slowly increasing trend. Because the shear
adhesive force of a fiber array is usually larger than the normal
one, a damage threshold of the shear stress being larger than the
normal one is adopted, in which the shear limit is not reached in
the peeling process, leading to the dominant role of the normal
stress. If the development of shear stress is faster than that of the
normal, then the damage process during crack propagation will
be dominated by shear stress. Regardless of the normal and shear
threshold, it can be conducted that, compared to the sole soft or
hard cases, the tunable stiffness is the most effective approach in ad-
hesion enhancement.

Sensing performance

The real-time monitoring of the contacting status is of particularly
importance for the adjustment of the material stiffness through the
magnetic field. However, a great challenge on detecting interfacial
stress, consisting of compressing and stretching, simultaneously as
well as excellent integration with tunable-stiffness function must be
overstepped. Inspired by the spider sensory system based on the dis-
connection-reconnection effect of nanoscale crack junctions, we
propose a real-time monitoring sensor using a carbon nanotube
(CNT)-based polyurethane network containing magnetorheologi-
cal grease. To better understand the sensing mechanism of the con-
ductive network, we used CNT-coated fibers, as the basic cells of the
network frame, to characterize the sensing performance according
to the micro/nanocracks generated through prestretching (fig. S18).
Figure 4A demonstrates the variation curve of electric resistance
versus prestretching ratio, wherein the resistance changes from 25
kiloohm to 2 megaohm at a prestrain of 5% and further increases to
70 megaohm corresponding to 20%, due to the expansion of CNTs
cracks. By removing the external stretch, the electric resistance can
quickly recover to its initial value due to the reconnection of cracks.
Here, the recovered value was slightly greater than the initial one,
which can be possibly attributed to the irregular contact between
the crack edges during re-connection (proportional to the
number of cracks). Because of the rapid disconnection-reconnec-
tion response of micro/nanocracks, the CNT-coated fibers exhibit-
ed high linearity for different prestretching ratios (Fig. 4B), which
contributed to the easy determination of the applied interfacial
force. Here, the effect of prestretching is to create enough cracks
on the surface of CNT-network to achieve sensing. The different
ratio of prestrain will certainly affect the density and number of
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cracks, and therefore will change the sensitivity and the actual
working range of the sensor. In this work, CNT-networks are
only prestretched during the manufacturing process to improve
sensitivity, and no further prestretching is required thereafter, in-
cluding the application of robotic manipulation. The sensitivity of
the fibers was positively correlated with the prestretching ratio,
which increased from 60 to 320 as the prestretch increased from 5
to 20%. This phenomenon is due to the fact that more cracks are
participated in the disconnection-reconnection process. Notably,
the sensing measurement range of crack-based fibers in actual ap-
plications should not exceed the prior prestretching ratio. If not, the
sensitivity of the fibers will fluctuate or even triggering in failure.

The CNT-based conductive network, as a combination of CNT-
coated fibers, was also prestretched by a ratio of 20%, which was
sufficient for monitoring the attachment and detachment behavior
of the adhesive system, to activate the micro/nanocracks for sensing.
Subsequently, magnetorheological grease was filled into the con-
ductive network to form the composite structures that integrate
the sensing and tunable-stiffness properties. Similar to the electrical
response of crack fibers, both the pure and magnetic
field—controlled composite conductive network demonstrated a
high linearity for tensile load (Fig. 4C). More specifically, the
pure conductive network exhibited a sensitivity of roughly
0.035 kPa™"', while that of the composite one was 0.009 kPa™" and
0.006 kPa~"' when the magnetic field was on and off, respectively.
Although the introduction of the magnetorheological grease
would slightly decrease the sensitivity, the crack-based sensing
function under the soft or hard states, corresponding to the magnet-
ic field off and on, would not disappear, satisfying the sensing re-
quirements. In detail, the reduced sensitivity can be attributed to the
increased elastic modulus of the network that is filled with
magnetorheological grease (Fig. 4D), leading to an attenuated de-
formation and thus decreased crack variation. The tensile
modulus of the pure conductive network was 125 kPa, while that
of the composite network was 400 and 760 kPa when the magnetic
field was on and off, respectively.

Except for the tensile force monitoring used for the detachment
process, the ability to monitor the compressive force is more crucial
for regulating the stiffness during the attachment process. There-
fore, the compressive stress sensing performance of the pure and
composite conductive networks was investigated, as shown in
Fig. 4 (E and F, respectively). The resistance change ratio (AR/R)
of the pure network increased first and then decreased, exhibiting
two apparent stages (Fig. 4E). One of the basic units of a porous grid
structure can be approximated as a quadrilateral in original state.
When the pressure is small (0 to 4 kPa), the two transverse fibers
and the two lateral fibers both bend and deform because of extru-
sion, which leads to wider cracks in the CNT coating. At this time,
the resistance signal increases (stage I). When the pressure increases
further (4 to 12 kPa), the transverse fibers come into contact, creat-
ing a new conductive path, and the resistance signal tends to de-
crease (stage II). This two-stage resistance trend has also been
found in the study of flexible sensors based on carbon black coatings
(45). In addition, the compressive stress-stain curve revealed the ex-
istence three sections: Sections I and III corresponded to stages I
and II of resistance variation, with the pressure range within 0 to
4 kPa and 6 to 12 kPa, respectively. Prominently, section II (4 to
6 kPa) demonstrated a sharp increase for the transition of the
network sensors from the crack-dominated state to the contact
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Fig. 4. Sensing performance of the smart dry adhesives for guiding the material's stiffness. (A) Variation of the electric resistance in the prestretching process at
different stretching ratios of a CNT-coated fiber. (B) Sensing function activated by different prestretching ratios. (C) Tensile sensing properties of the pure CNT-based
conductive network and the composite CNT-based conductive network filled with magnetorheological grease. (D) Stress-strain curves of the pure conductive network
and the composite conductive network with magnetic field on/off. (E and F) Compressing sensing and static mechanical properties of the pure conductive network and
the composite conductive network with magnetic field off. (G) Electric resistance response corresponding to the dynamic attachment/detachment process. (H) Sensitivity
of the smart adhesives via different preloads under tunable-stiffness state. (I) Quantitative relationship between initial preload and tensile load sensitivity.

resistance-dominated state. For the composite network with the
magnetic field off (soft-state case), the variations of electrical/me-
chanical behavior were both similar to those of the pure network.
The only difference was that section II of the stress-stain curve dis-
appeared because of the effect of porosity on mechanical behavior
after filled with magnetorheological grease (Fig. 4F). In addition to
the pressure sensing response to the flat surface, the composite
structure also has a discernible sensing performance for curved in-
denters with different radii (fig. S19), which also meets the contact-
state sensing requirements of the smart adhesives when picking up
objects with curvatures or complex shapes.

The variation of the electrical resistance during the attachment
and detachment processes is clearly discernible; thus, it provides a
feasible pathway to monitor the operating motion via solely record-
ing the resistance (Fig. 4G). Hence, a velocity of 2 mm/min was set
to manage the probe approaching and contacting the adhesive
sample of the composite conductive network until a preload pres-
sure of 25 kPa was reached; then, the contact status was maintained
for 2 s. Subsequently, the probe was pulled away from the adhesive
sample until it was fully detached. During this procedure, the resis-
tance was initially enhanced and then lowered, which corresponded
to the contacting stage. Subsequently, the resistance was maintained
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as constant as possible, which corresponded to the maintaining
stage. Afterward, the resistance was increased and then decreased
until it reached a steady state, which coincided with the detachment
process. The resistance in the detachment stage increased with in-
creasing tensile stress and exhibited high linearity for different pre-
loads, indicating that the crack propagation was the dominant
reaction mechanism (Fig. 4H). There are two reasons for this line-
arity trend under different preloads. First, the R, caused by the pre-
preload is different (fig. S20). However, different states of preload
change the stiffness of the network, so that the strain is different
under the same tensile load (fig. S21). The strain difference affects
the tensile degree of the crack and thus changes the resistance rate of
the sensor. Furthermore, the quantitative relationship between the
preload and tensile response was determined by fitting to the data in
the linear region of each curve, i.e., y = 0.0038 + 0.002 x 0.87%, where
y is the tensile load sensitivity and x is the initial preload (Fig. 4I).
This provides a criterion for determining the preload pressure and
contact status.

Performances of intelligent robotic manipulation

Aside from the real-time monitoring of the interfacial stress, grasp-
ing and releasing target surfaces, as well as quick response, are also
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required functions. In our case, altering the stiffness can lead to high
and low adhesion (i.e., switchable adhesion) controlled by the mag-
netic field. A spherical probe (R = 6 mm) was used to investigate the
material adhesion under tunable stiffness and solely soft state
(Fig. 5A), where a 10-fold difference in adhesion was observed. Al-
though there is still a gap between this switch ratio and some current
reversible adhesive materials based on stiffness regulation (such as
shape memory polymer, thermoplastic polymer, etc.) (46, 47), it can
be further improved by changing the magnetic field strength. With
the increase of magnetic field intensity, the switch ratio of adhesive
can reach nearly 30 (fig. $22). In addition, the proposed tunable-
stiffness strategy can achieve the fast response time compared to
the approaches with light and thermal control (5, 36, 48), even
reaching the level of pneumatic control. Moreover, the tunable-stiff-
ness regulation method based on magnetic field may have a simper
structural configuration compared to the pneumatic control
method, which usually requires additional fluid channel design to
provide pressure for a controllable pick-and-place system (9, 49, 50,
51). The upper limit for grasping objects was determined by the
high adhesion, while the lower limit for releasing objects was deter-
mined by the low adhesion. This means that, if the target object
weight is greater than the upper adhesion limit, then it cannot be
gripped, while if the object weight is lower than the lower adhesion
limit, then it cannot be released. To determine the safe operating
range, we assessed the adhesion range of the adhesive material on
the basis of two typical flat and curved surfaces under different
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preloads (Fig. 5, B and C). The gripping-releasing range increased
with the increase of the preload until it became nearly constant. The
safe operating range was fixed for a certain preload, corresponding
to the largest weight below than the upper adhesion limit and the
smallest one above the lower adhesion limit (Fig. 5D).

Using the all-in-one adhesive material, a nonplanar surface (fig.
S23) with two 200-g weights attached (Fig. 5E) was successfully
gripped, transferred, and released (movie S5). Initially, no pressure
signal was recorded, because there was no contact. Then, the adhe-
sive material being in a soft state (magnetic field off) approached the
object surface for conformal contact under the action of preload, as
indicated by a typical resistance signal representing the contact stage
(increased and subsequently decreased). Subsequently, the object
was picked up with the magnetic field switched on (hard state), in
which the resistance, as a characteristic indicator of the pick-up
stage, increased constantly because of the stretching behavior. In
the transferring process, the resistance was slightly decreased
because of the objects hanging for a lengthy period of time. A
slight reduction in the signal indicates that the object has been se-
curely grasped at this stage; otherwise, a sharp increase in the resis-
tance indicates that the object has dropped off from the adhesive
sample, which is a judgement criterion for determining the gripping
condition. After the object reached the target location, the magnetic
field was turned off, resulting in a soft state and triggering a releas-
ing behavior, where the resistance was drastically increased. Here,
the response time of the intelligent adhesive material was defined
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Fig. 5. Demonstration and real-time detection of the smart manipulation process on a nonflat surface with sensing-triggered stiffness-tunable dry adhesives.
(A) Normal adhesion strength of the material for tunable stiffness and soft state with a spherical probe (R =6 mm). (B and C) Safety range of the adhesive material in the
manipulation process by measuring the high and low adhesion under different preload levels on a flat surface (B) and a spherical surface (C). (D) A control strategy for the
intelligent manipulation of smart adhesive materials based on the safety range indicated by sensing signals. (E) Complete intelligent manipulation process on a nonflat

surface with a weight of 400 g.
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as the time required by the resistance to increase from point a to
point b (100 ms; inset in Fig. 5Ev). Because of the quick response
of the magnetorheological grease to external magnetic fields, the
switching time of tunable adhesion is fast (~100 ms), which is com-
parable to that of the mammalian skeletal muscles and sufficient for
robotic manipulation. The subsequent process of interface crack
propagation led to a further increase of the resistance after point
b. Last, the resistance returned to its original value, indicating
that the object was released from the adhesive material. Here, the
switching time of adhesives was characterized by recording the cor-
responding change in resistance characteristics. The conventional
experimental characterization method (recording the time of
object falling) was also used to characterize the switching time of
adhesives, and the result was about 160 ms (fig. S24 and movie S6).

Owing to the matching relationship between the gripping/releas-
ing states and the resistance signals, intelligent operation on various
surfaces through smart adhesive materials is achievable, even
through some fragile materials that are extremely sensitive to
contact loads (fig. S25 and movie S7 in the supporting information).
These materials (silicon wafers, ultrathin glass, etc.) play an impor-
tant role in semiconductor manufacturing, liquid crystal display
panel production, and other fields; how to achieve a safe and
stable manipulation has been a difficult problem because of their
brittleness and fragile characteristics. The manipulation of fragile
materials by proposed intelligent adhesive materials based on mag-
netic field has further expanded the application field of adhesive
materials.

DISCUSSION

Inspired by natural active adhesive that owe their excellent proper-
ties to muscle tissues, neural networks, and surface microstructures,
we proposed a novel smart adhesive strategy of sensing-triggered
stiffness-tunable dry adhesives. For this all-in-one adhesive materi-
al, a connected conductive network filled with magnetorheological
grease is introduced beneath the adhesive structural layer to mimic
the muscle tissue and tactile sensing system functions of reptiles’
toes, as well as mushroom-shaped microstructures selected as the
adhesive structures.

Authorized by the interfacial stress sensing, the stiffness of the
magnetorheological grease can be adjusted to be soft (magnetic
field off) when approaching the target-object surface for conformal
contact, then it can be switched to a hard state (magnetic field on),
when picking up the object, and again recover to the soft state when
releasing the object. The autonomous deformation and shape
locking of the adhesive material provides a relatively large contact
area, a small peel-off angle, and a possible tangential friction, which
are all beneficial to improving the adhesion performance and en-
abling the manipulation of various surfaces without considering
the surface morphology or texture. Compared to a conventional
dry-adhesive covering with rigid backing, the smart adhesive exhib-
ited a 10-fold increase in the adhesive strength due to the deficiency
of the rigid backing for conformal contact and have been verified to
successfully picking up objects with diverse surfaces typically used
in daily life.

On the basis of the interfacial sensing indications, the stiffness
can be regulated on demand through the magnetorheological
effect to realize the reliable adhesion and capacity to operate
swiftly. Owing to the matching relationship between the gripping/
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releasing states and the resistance signals, intelligent operation on
various surfaces through smart adhesive materials is achievable.
Furthermore, because of the quick response of the magnetorheolog-
ical grease to external magnetic fields, the switching time of tunable
adhesion is fast (~100 ms), which is comparable to that of the mam-
malian skeletal muscles and especially beneficial for robotic manip-
ulation with high tempo. In addition, the grasping ability and
manipulating range of smart adhesive can be further improved by
increasing magnetic field intensity or optimizing the composition
of magnetorheological grease.

We suspect that it is a new generation of dry adhesives with good
adaptability to diverse target surfaces and quick response of attach-
ment/detachment, which performed from the viewpoint of the
smart and active adhesive instead of traditional passive adhesive.
Actually, incorporating the sensing-triggered stiffness-tunable
functional layer to adhesives is a universal strategy that can be
applied to any toe's surface structure, opening up a previously
unknown avenue for the creation of smart adhesives for innovative
robotic applications including gripping, manipulation, and
locomotion.

MATERIALS AND METHODS

Materials

Unless stated otherwise, solvents and chemicals were obtained com-
mercially and used without further purification. Polydimethylsilox-
ane (PDMS) (Dow Corning Sylgard 184) obtained from Dow
Corning Inc. Multiwalled CNTs [7 weight % (wt %)] obtained
from XFNANO Co., Ltd. Polyurethane sponge obtained from
Hangmei Co., Ltd. Carbonyl iron particles (particle size, 3.6 pum)
obtained from Zhongmai Metal Materials Co., Ltd. Ag paste ob-
tained from Lihongjin Technology Co., Ltd. (Shenzhen, China).
AB glue (HY-E610) was obtained from Hongyejie Co., Ltd.
(Shezhen, China).

Fabrication of sensing network structure

The sensing network structure was prepared by a simple dip-coating
process, and the carrier was a PU sponge with a porous network
structure. First, the pure PU sponge was cut into 20 mm by 20
mm by 4 mm and placed in deionized water for 10-min ultrasonic
cleaning. Subsequently, the PU sponge was treated with oxygen
plasma to increase the surface energy of the fiber inside the struc-
ture, and the process parameter was 300 W-60 s. Next, the PU
sponge was completely immersed in an aqueous solution of multi-
walled CNTs with a mass fraction of 10%, until the carbon tubes
were completely attached to the surface of the fibers. Then, the
soaked PU sponge was placed in an oven at 100°C for 30 min to
ensure that the solvent of the carbon tubes solution was completely
volatilized. At this time, a dense sensing network was formed inside
the structure of the PU sponge. Last, the conductive silver paste was
evenly spread on the top and bottom of the sponge and sintered
with the copper wire at 130°C for 10 min to form a stable
sensing unit.

Fabrication of mushroom-shaped adhesive structure

Mushroom-shaped adhesive structure was made with PDMS
through the currently commonly used molding process (28, 52—
54). Here, the mold was prepared by the double-sided exposure
process proposed by our team before (55), which can realize the
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fabrication of mushroom-shaped structure with controllable struc-
ture and good uniformity. The body and the curing agent of the
PDMS were mixed and stirred uniformly in a ratio of 10:1 and
then poured onto the mold and evacuated for 10 min. Subsequently,
spin coating was performed, and the curing was completed in an
oven at 80°C for 1 hour. Last, the structure was obtained by demold-
ing. The thickness of backing layer was controlled by change the
casting parameters. The mushroom-shape microstructures are
about 14 um in height with a 12 um in spacing, and the diameter
of contact tip and pillar are 18 and 14 pm, respectively.

Fabrication of adhesives sample with different backing

To verify the effectiveness of tunable-stiffness characteristics on the
adhesion performance, the adhesive samples with different backing
were fabricated. In the process of curing of adhesive layer, the dif-
ferent substrate material is closely adhered to it and heated for
curing. Last, as the adhesive layer solidified, the adhesive sample
was completed to fabricate by demolding. Three kinds of material
was chosen as the backing layer: glass, silicone rubber (E = 100 kPa),
and magnetorheological grease composite structure. To maintain
consistency, the thickness of the backing was all 40 mm, and the
thickness of the adhesive layer was 100 pum.

Fabrication of magnetorheological grease

The carbonyl iron particles with a particle size of 3.6 um was mixed
with the body agent of PDMS at a mass ratio of 4:1 and stirred for 30
min through the magnetometer blender. Subsequently, the mixed
material was placed in a vacuum box for 10 min to remove the re-
maining air bubbles, and the magnetorheological grease with mag-
netorheological effect was obtained. The tunable-stiffness effect of
the magnetorheological grease is realized by a magnetic base, which
has the maximum magnetic induction intensity of 73 mT.

Fabrication of all-in-one smart adhesive materials

The PU sponge (thickness of 4 mm) that has a porous shape and
network fiber was chosen as the backing layer of the material.
Then, the dip-coating method was performed to make multiwalled
CNTs (7 wt %) adhere to the network of the sponge. To make the
CNTs more firmly adhere to the surface of the sponge skeleton, we
treated the sponge with an oxygen plasma treatment to increase its
surface energy so that the binding energy between the CNTs and the
skeleton is stronger. Next, the magnetorheological grease was
poured into the pores of the sponge and evacuated for 20 min, so
that the magnetorheological grease completely entered the inside of
the sponge structure. Last, we bonded it with the adhesive structure
and encapsulated the overall structure to obtain the smart dry-ad-
hesive material (see fig. S1).

Experimental details of demonstrating tunable-stiffness
capability

To verify the shape-freezing function of the tunable-stiffness effect,
the prepared sample was placed on the stage of the stretching
machine, and a nonflat surface with an area of 5 cm by 5 cm was
pressed into the sample at a speed of 2 mm/min. Compression
process stops when 3 N was reached, the magnetic base under the
sample was opened at this time, and the stiffness of the sample
would increase instantaneously under the action of the horizontal
magnetic field (see fig. S2). Simultaneously, the stretching machine
was moved upward at a speed of 2 mm/min until the target surface
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was completely separated from the sample. The indentation formed
on the surface of the sample was recorded by a charge-coupled
device (CCD), and the indentation was completely consistent
with the contour of the nonflat surface because of the shape freezing
effect (see Fig. 1C). Structures with different contours were pressed
into the sample in the soft state and separated in the hard state by
the same method, and the different indentation shapes were record-
ed by CCD (see Fig. 1C). Manipulation demonstrations of various
difficult-to-grasp objects are achieved by a robotic arm with 4
degrees of freedom (see fig. S14). First, the magnetic base was
fixed to the end of the robotic arm, and then the sample was
bound to the surface of the magnetic base. The robotic arm was con-
trolled to make the adhesive material in the soft state contact the
target object at different speeds, then the magnetic field was
applied to make the adhesive material instantly reach the hard
state, and lastly the upward movement of the robotic arm was con-
trolled to grasp different objects (see Fig. 1E).

Experimental details of smart manipulating

Smart manipulation was achieved by a robotic arm with 4 degrees of
freedom. First, the magnetic base was fixed to the end of the robotic
arm, and then the adhesive sample was bound to the surface of the
magnetic base. The target object was a nonflat surface with centime-
ter-level roughness, and a 400-g weight was fixed below the surface
(see fig. S14). Through computer programming, the robot arm is
controlled to move downward to achieve a common contact with
the target object. At this time, the switch of the magnetic base
was turned on, and the robot arm is controlled along the y axis to
move up; the adhered sample will complete the grasping process of
the object. Subsequently, the robotic arm is controlled to move
along the x axis to simulate the transfer process of the object.
After reaching the designated position, the switch of the magnetic
base was closed, the adhesion force drops rapidly because of the soft
state, thus completing the release of the object.

Measurements of elastic modulus of synthetic material
under different strength of magnetic field

To measure the stiffness change of the material under different
magnetic field strengths, we tested its elastic modulus under corre-
sponding conditions. Here, we used the index of compressive stiff-
ness to investigate its elastic modulus. The test process was
completed on a pull-pressure test machine (see fig. S2). The indent-
er is a plane with an area of 25 mm by 25 mm, and the down speed
was 5 mm/min. The sensor collects mechanical signals and defor-
mation in real time and then converts it into a stress-strain curve.
The elastic modulus value is obtained according to the slope of its
linear region.

Measurements of adhesion forces with sphere probe

To characterize the adhesion strength of the adhesive material to the
uneven surface, a glass ball with a radius of 6 mm was used as the
test target to conduct the adhesion test. The test method adopts the
general load-pull mode (7, 24, 36, 56), that is, the probe is first con-
tacted with the sample to generate a certain contact area, and then
the reverse movement is performed until separation. The maximum
tensile force generated before separation was defined as the
maximum adhesion force. The test equipment is a computer
servo pull-pressure test machine (Baoda, PT-1176, China). First,
an adhesive sample with a size of 2 cm by 2 cm is attached to the
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surface of the magnetic base, and the magnetic base and the stage
are fixed to each other. The stretching equipment moves downward
at a speed of 2 mm/min, generates a certain pre-pressure and main-
tains the pressure for 2 s, and then moves in the opposite direction
until the probe and the sample are completely separated, and the
time-force curve of the tunable-stiffness adhesive material can be
obtained (see Fig. 2B). Adhesion materials based on soft substrates
were tested using the same process. To explore the adhesion en-
hancement effect of variable stiffness effect on different sizes, spher-
ical probes with different radius sizes were contacted with the
adhered samples with the same pre-pressure (2 N), and then the
maximum adhesion force before separation was recorded for data
analysis (see Fig. 2C). A nonflat surface (5 cm by 5 cm) with a
typical array structure such as spherical cap structures, pyramid
structures was used as the test object, and the adhesion force
under different preloads was recorded by controlling the displace-
ment of the computer servo pull-pressure test machine (Baoda, PT-
1176, China) (see Fig. 2, E to G).

Measurement of sensing property

The characterization of the sensing performance is achieved by
testing the sensitivity of the device. The sensitivity of the sensor
can be defined as the ratio of the load to the resistance change
rate [P/(AR/Ry)] (57-61). The specific operation is completed by
stretching equipment (see fig. S2), placing the sample above the
stage, and connecting the lead-out copper wire to a digital source
meter (Keysight, B2912A, USA). The tensile machine compresses
and stretches the sample under the control of the computer
program, and the source meter will record the resistance change
generated by the internal structure of the sample. The applied
voltage of source meter is 5 V, and the sampling frequency is 200
Hz. After data processing, the sensitivity curve of the sample can
be obtained.

Measurement of the sensing performance of CNT-coated
network under different prestrain. First, the four groups of CNT-
coated fibers were prestretched respectively in different proportions
(5, 10, 15, and 20%) and then released to the relaxed state. The pre-
strained CNT-coated fibers were subsequently stretched at different
strain (5, 10, 15, and 20%), while real-time resistance changes were
tested (Fig. 4B).

Materials characterization

The microstructure of the adhesive material was observed by scan-
ning electron microscopy (SU8010, Hitachi, Japan). The adhesion
ability of material was characterized by a computer servo pull-pres-
sure test machine (PT-1176, Baoda, China). The time-varying
contact state between the adhesive material and the probe was ob-
served through a digital microscope (RS-500C, Kone, China). The
electronic performance of the adhesive material was measured in
real time by a pull-pressure test machine with a source meter (Key-
sight, B2912A, USA). The mechanical properties of the samples are
testing by the computer servo pull-pressure test machine (PT-1176,
Baoda, China).
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