
Frontiers in Nanotechnology | www.frontiersin.org 1 September 2021 | Volume 3 | Article 667287  

 
REVIEW 

published: 08 September 2021 
doi: 10.3389/fnano.2021.667287 

 
 

 
Bioinspired Smart Materials With 
Externally-Stimulated Switchable 
Adhesion 
Jie Wang†, Yiyang Wan†, Xiaowei Wang† and Zhenhai Xia* 

 
Department of Materials Science and Engineering, Department of Chemistry, University of North Texas, Denton, TX, 
United States 

 
 
 
 
 
 
 
 
 

 
 

Edited by: 
Ruchi Agrawal, 

TERI Gram, Gurugram, Haryana 
122003, India 

Reviewed by: 
Emmanuel Stratakis, 

Foundation for Research and 
Technology Hellas (FORTH), Greece 

Hoon Eui Jeong, 
Ulsan National Institute of Science and 

Technology, South Korea 

*Correspondence: 
Zhenhai Xia 

zhenhai.xia@unt.edu 
 

†These authors have contributed 
equally to this work 

 
 

Specialty section: 
This article was submitted to 

Nanomaterials, 
a section of the journal 

Frontiers in Nanotechnology 

Received: 12 February 2021 
Accepted: 15 March 2021 

Published: 08 September 2021 

Citation: 
Wang J, Wan Y, Wang X and Xia Z 
(2021) Bioinspired Smart Materials 

With Externally-Stimulated Switchable 
Adhesion. 

Front. Nanotechnol. 3:667287. 
doi: 10.3389/fnano.2021.667287 

Living organisms have evolved, over billions of years, to develop specialized biostructures 
with switchable adhesion for various purposes including climbing, perching, preying, 
sensing, and protecting. According to adhesion mechanisms, switchable adhesives 
can be divided into four categories: mechanically-based adhesion, liquid-mediated 
adhesion, physically-actuated adhesion and chemically-enhanced adhesion. Mimicking 
these biostructures could create smart materials with switchable adhesion, appealing 
for many engineering applications in robotics, sensors, advanced drug-delivery, protein 
separation, etc. Progress has been made in developing bioinspired materials with 
switchable adhesion modulated by external stimuli such as electrical signal, magnetic 
field, light, temperature, pH value, etc. This review will be focused on new advance in 
biomimetic design and synthesis of the materials and devices with switchable adhesion. 
The underlying mechanisms, design principles, and future directions are discussed for 
the development of high-performance smart surfaces with switchable adhesion. 
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INTRODUCTION 

Natural species on earth have evolved over billions of years, to develop numerous abilities to 
survive in different environments. One of these fascinating abilities is switchable adhesion, which 
is critical to many species from animals to insects for their locomotion and predation. For example, 
geckos can stick and walk on almost any surfaces no matter how rough or slippery, dry or wet 
they are (West, 1861; Dewitz, 1884; Brainerd, 1994; Federle et al., 1997). While the attachment can 
reliably hold as much as 100 times of their own weights (Federle et al., 2000), their fast movement 
proves no hassle in detachment, which shows that the adhesion is highly switchable and robust. 
This adhesion switching ability stems from their unique footpad structures: microscale setae with 
nanoscale spatulae brunches. Mimicking these natural switchable surfaces could result in novel 
smart surfaces for a wide variety of applications by adequately designing their structures, such as 
microfluidic and biological engineering (Stratakis et al., 2011; Montero de Espinosa et al., 2017). 
These biomimetic design principles may open new doors for bioinspired smart materials with 
unique switchable capabilities. 

Though many species show similar behaviors as switchable adhesion, there are diverse switching 
mechanisms. Some predators use hooks or anchors to lock themselves on host tissues through 
mechanical forces (Fenner, 2000; Gorb, 2001, 2008), while some insects and frogs, however, 
take advantage of water to enhance the adhesion via liquid-induced adhesion (Vötsch et al., 
2002; Betz and Kölsch, 2004; Dirks and Federle, 2011). Another kind of adhesion is based 
on special chemical bonds, such as mussel glue (Waite, 2002; Waite et al., 2005). Inspired by 
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TABLE 1 | Biological prototypes, mechanisms, structure, and examples of externally stimulated adhesives. 

 

Category Biological 
Prototypes 

External stimuli Switching Mechanism Examples of Bioinspired structures 

Mechanically-based 
switchable adhesion 

• Burden seed 
• Dragonfly 
• Beetle wing 

Mechanics Hook-loop interlocking; 
pestle-cone arrester; 
pestle-pestle interlocking 

Velcro tape, pestle-loop mechanical interlocker (Jiao 
et al., 2018), nanowire connector (Ko et al., 2009) 

 Gecko feet Drag motion Hierarchical antisymmetric 
structure induced directional 
adhesion 

Hierarchical CNT arrays (Qu et al., 2008), Self-cleaning 
adhesive tapes (Hu et al., 2012; Xu et al., 2015) 

 Octopus Sucker Sucking Negative pressure Octopus-inspired smart adhesive pads (Lee et al., 2016) 
Liquid-mediated switchable 
adhesion 

Insert toes Secrete liquid Liquid micro-bridge Switchable adhesive device (Vogel and Steen, 2010), 
graphene-based switchable adhesion (Wan et al., 2019) 

 Tree frog Water film Liquid microchannel, 
microbridge 

Micropillars with nanopits (Liu et al., 2020) 

Physically-actuated 
switchable adhesion 

• Gecko feet 
• Aphid pulvillus 

Temperature Phase transition SMTE arrays (Reddy et al., 2007) 

  Electric field Electroadhesive Al2O3-coated CNT array(Kim et al., 2019) 
  Magnet Magnetized nanoparticle 

induced pressure 
Magnetically actuated adhesive (Linghu et al., 2019) 

  Light Light-induced phase 
transition 

Photocontrollable adhesive (Kizilkan et al., 2017) 

  Velocity Velocity induced adhesion 
change 

Micromanipulator (Xu et al., 2015; Wan and Xia, 2018) 

Chemically-mediated 
switchable adhesion 

DNA/RNA Temperature, pH value Hydrogen bonding 
formation and break 

PNIPAM adhesive (Sun and Qing, 2011) 

 • Supermolecule 
• DOPA in 

Temperature, pH value Thermo-responsive 
pH-sensitive complex 

Thermoresponsive adhesive (Zhao et al., 2017); 
pH-responsive adhesive (Narkar and Lee, 2018) 

mussel adhesive 
 

 
 

the unique structures and extraordinary abilities of live 
organisms, various artificial structures with switchable adhesion 
have been made for different applications (Yoon, 2019; Stratakis 
et al., 2020). In general, according to different mechanisms, 
biomimetic switchable adhesives can be divided into four 
categories: (1) mechanically-based adhesion, (2) liquid-mediated 
adhesion, (3) physically-actuated adhesion, and (4) chemically- 
enhanced adhesion and summarized in Table 1. Combining 
these mechanisms with suitable materials, the researchers 
have invented “smart surfaces” with tunable or reversible 
adhesion with single/multiple external stimuli, such as force, 
electrical bias, pH, temperature, light, and so on. In this 
review, we overview the milestone work in the biomimetic 
design of switchable adhesives. In Section Biomimetic Structures 
with Mechanically-Based Switchable Adhesion, the origin and 
basic biomimetic principles of mechanically-based switchable 
adhesion are discussed for biomimetic design. The third 
section is focused on biomimetic structures with liquid-assisted 
switchable adhesion, followed by Section Physically-Actuated 
Switchable Adhesion by Controlling Surface Configuration 
Through External Stimuli controlling surface configuration 
through external stimuli, and Section Biomimetic Structures 
With Chemically-Mediated Switchable Adhesion describing 
biomimetic design with chemically-based switchable adhesion. 
Finally, the future direction is discussed in the biomimetic design 
and fabrication of smart structures with switchable adhesion for 
technological applications. 

 
BIOMIMETIC STRUCTURES WITH 
MECHANICALLY-BASED SWITCHABLE 
ADHESION 
Burden Hooks and Insect Interlocks 
Nature has created unique biological structures with specialized 

functions  and  provided  the  inspiration  for  numerous 
applications with well-designed structures. One fine design 
by nature is the “hooks-loops” interlocking in burdock’s seeds. 

Seed dispersal is the process that plants transfer their seeds to 
further places. Some plants seek the help of animal vectors by 

attaching seeds or fruits to animal fur (Von Marilaun, 1895; 
Willson et al., 1990). These plants, such as Burdock (Sorensen, 

1986) and Bidens (Bullock and Primack, 1977) have hook or barb 
structures growing on their seeds as shown in Figure 1A. The 

hooks and barbs can mechanically interlock with animal hairs or 
fibers on human clothes to form strong adhesion. Interestingly, 
some insects such as Hymenoptera, Heteroptera, Coleoptera 
(Samuelson, 1994, 1996) have similar interlock mechanism on 

their wings and bodies, shown in Figures 1C,E. When these 
insects rest their wings, the counterparts in different directions 
or shapes growing separately on wings and bodies can lock to 
each other, preventing shifting and shearing, so that the whole 

body could be stable (Figure 1E) (Gorb, 1999; Gorb et al., 2002). 
Inspired by these biological switchable adhesion structures, 

many locking devices have been developed. One of the most 
famous inventions from the inspiration of the mechanical 
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interlock of Burdock is Velcro tape (Figure 1B), a fastener (De 
Mestral, 1955, 1961). In the 1940s a Swiss engineer, George de 
Mestral, noticed the tiny hocks on the seeds of the Alpine plant, 
which firmly attached dog fur. This unique biological structure 
inspired him to invent the nylon-based fastener that is now 
commonly used in daily life. The stiff hooks are made on one 
part of Velcro tape and another part is covered by soft “hairs.” 
When pressing two parts together, many hook-loop pairs from 
interlocks and the total adhesion can be very strong, while the 
attaching force is also reversible. Other dry adhesives based on 
buckling and interlocking were also reported by different groups 
(Chen et al., 2013; Andrews and Badyal, 2014). Even hydrogel 
adhesives could take advantage of reversible interlocking, where 

 
configurable microhook arrays is tuned by contacting with water 
(Park et al., 2017; Yi et al., 2018). 

While being convenient in use, the Velcro may bother users 
by the noise due to its deformation, break and separating. 
Efforts have made to develop new types of mechanical interlocker 
with high quality. One example is inspired by the pestle-cone 
interlocker of the dragonfly (Figures 1C,D). It is discovered 
that the pestle-cone arrester system is able to effectively protect 
the “slim neck” although experiencing constantly mechanical 
interlock and unlock. Jiao et al. (2018) presented a pestle-loop 
mechanical interlocker with tunable peeling force (Figure 1F). 
Results suggest that the pestle is more durable than the hook 
and the mushroom by comparing the shape and detaching force 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 1 | Velcro tapes inspired by cocklebur. (A) Cocklebur seeds, (B) Velcro tapes, and (C) Optical images of dragonfly, and pestle-shaped cilia of arrester system 
(Zygoptera, Ischnura elegans). (D) Schematic of mechanical interlocker (upper) and optical image of pestle-loop mechanical interlocker (lower). (E) Scanning electron 
microscopy (SEM) images of thoracic (upper) and elytral (lower) counterparts of the elytra-to-body locking device in the tenebrionid beetle Tenebrio molitor. (F) 
Illustration of unfolding (upper) and folding (lower) states of wing-locking device. [(C,D) Reproduced with permission from Jiao et al. (2018). Copyright (2021), 
Advanced Science. (E,F) Reproduced from Pang et al. (2012). Copyright (2021), with permission from American Chemical Society]. 
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before and after 13 attachment-detachment cycles. The pestle- 

loop mechanical interlocker achieves switchable peeling force 
from 0.4 to 6.5 N by changing the angle between vertical and loop. 

With observation on the existence of mechanical interlocking 
in beetles, researchers have explored the mechanism of reversible 
adhesion system and tried to mimic the natural structures. Gorb 
and Popov (2002) found that the wing of a beetle is fixed 
by making numerous microhairs on the cuticular surface into 
contact to generate high lateral shear friction while minimizing 
the force for vertical lift-off, providing reversible attachment and 
detachment system. Unlike other reversible binding systems, for 
example, hooks or loops in Velcro, the interlocking mechanism 
of the wing-locking device does not require any complicated 
structures for physical grasping (Pang et al., 2011a). 

Inspired by the wing-fixation system in the beetle, a variety 
of artificial arrays have been developed by different methods. 
Pang and co-workers (Pang et al., 2011a,b) developed a preload- 
dependent reversible mechanical interlocking between regularly 
arrayed, high-aspect-ratio polymer fiber arrays. They found 
that there was a linear tendency of locking force and preload, 
which could be explained by the increase of overlap ratio with 
increasing the preload. The interlocking-assisted shear adhesion 
force ranged from 3 to 40 N/cm2 for the nanofiber arrays. 
Besides the regularly ordered polymeric interlocking system, Ko 
et al. (2009) fabricated randomly distributed Ge/propylene (core- 
shell) nanowire(NW) connector adhesion structure, which has 
dramatic amplification due to the high aspect-ratio geometric 
interactions. This system exhibits high shear adhesion strength 
(∼163 N/cm2) with anisotropic adhesion behavior. A hand- 
engaged NW connector (area∼0.5 × 0.6 cm2) can sustain 5 kg of 
weight without failure. Despite having excellent shear adhesion 
performance, this system exhibits high shear to normal adhesion 
ratios of ∼27 at a preload force of 2.8 N/cm2. 

In short, the wing-locking-inspired device can achieve 
reversible and directional van der Waals (vdW) force-assisted 
fasteners. Usually, these systems have high-aspect-ratio hairy 
structures, leading to an extremely high interlocking force in the 
lateral direction and easy lift-off in the normal direction. Besides 
vdW interactions, there exists interlocking of the nanowires. 
However, because the normal strength is significantly lower 
than the shear strength, the mechanical interlocking is not the 
dominant binding mechanism. 

 

Gecko Dry and Switchable Adhesion 
Gecko adhesion is another famous dry adhesion that benefits 
from the “contact splitting” principle (Kamperman et al., 2010). 
It was discovered that on gecko toe pads there are millions 
of hierarchical fibrillar structures called setae, each of which is 
∼130 µm long and branches into 300–500 nm spetulae (Ruibal 
and Ernst, 1965; Russell, 1975), shown in Figures 2A–E. The 
gecko setae have been approved as being sticky due to vdW force, 
leading to dramatic adhesion (∼10 N/cm2) on both hydrophobic 
and hydrophilic surfaces (Autumn et al., 2002), while the setal 
pads are self-cleaning (Hansen and Autumn, 2005). It was shown 
that the directional tilt of the fibrillar (Tian et al., 2006), and 
lateral friction force (Zhao et al., 2009) play critical roles in 
gecko adhesion and self-cleaning because the drag direction 

and angle decide the adhesive force when the toe pads leave 
the surface. Whereas, the detaching speed (Xu et al., 2015) is 
also an important factor that affects the detaching force. This is 
very interesting because the hierarchical fibrillar structure can be 
either adhesive or de-adhesive without water, which introduces a 
critical mechanism of switchable adhesive. 

In fact, geckos are able to detach rapidly from walls during 
hunting, i.e., they exhibit highly controllable adhesion. It is found 
that the asymmetrical structure of the gecko setae has a significant 
effect on robust and simultaneous attachment and detachment. 
Properly orientated setae significantly reduce the forces required 
to peel the toe from the substrate by simply detaching above 
a critical angle with the substratum. Autumn (2006b) showed 
that Geckos peel the tips of their toes (digital hyperextension), 
which may put an individual seta in an orientation that aids 
in its detachment. Using finite element analysis of a single seta, 
Gao et al. (2005) found that the pulling angle determines the 
detachment from or sliding with respect to the surfaces. The 
results show that the gecko would pull its toes at a 30◦ to 
maximize the adhesion force and pull off at 90◦. The effect of 
angle is due to the failure initiation near the inner edge of contact 
based on the particular design of the seta. 

The gecko-inspired adhesive is so popular that there has a 
lot of research focusing on the topic in recent years. The early 
gecko-foot-mimicking adhesives are only an array of monolithic 
polymer rods/fibers (Figure 2a), but it approves the effectiveness 
of bioinspired gecko feet in enhancing the adhesion (∼10 
N/cm2, comparable to that of gecko feet) based on the contact 
splitting concept (Geim et al., 2003). Inspired by the setal/spatula 
tip geometry, the adhesives were fabricated into an array of 
composite patterns consisting of elastomeric mushroom-like 
microfibers, the tops of which are decorated with an extremely 
soft and thin layer of pressure-sensitive adhesive (Figure 2b). 
The adhesive gains the significantly enhanced performance (∼30 
N/m2) via the optimal tip shape and improved load sharing, 
outperforming monolithic fibers (Drotlef et al., 2019). Mimicking 
gecko setal structures, tilted fiber arrays were fabricated to add 
more bioinspired elements in the artificial gecko feet to enhance 
the adhesion (Figure 2c) (Lee et al., 2008). It was also found 
that increasing the leaning angle of nanohairs can enhance 
both shear adhesion and adhesion hysteresis for soft and hard 
materials owning to the increased contact area and reduced 
structural stiffness. Jeong et al. (2009) fabricated polymeric 
nanohair adhesive with tailored leaning angles, sizes, tip shapes, 
and hierarchical structures, which exhibited strong adhesion 

(∼26 N/cm2) in the angled direction and weak adhesion (∼2.2 
N/cm2) in the opposite direction, with a hysteresis value of ≈10. 

Analogous to gecko setal arrays (Figures 2C–E), hieratical 
fibrillar structures with nanofibers on the tips of microfibers 
(Figure 2d) were fabricated and fount to be adhesive between 
horizontal and vertical (Murphy et al., 2007, 2008, 2009; Tamelier 
et al., 2012). These adhesives showed adhesion anisotropy like 
gecko setae. For example, hierarchically structured vertically 
aligned carbon nanotube arrays render a high macroscopic force 
of ∼ 100 N/cm2 along the lateral direction, whereas along the 
normal direction there is a drastic reduction of adhesion force 
down to ∼10 N/cm2 since the normal pulling requires peeling 
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of each entangled tip at the interface. This hierarchical adhesive 
could achieve the attachment with strong shear bonding and 
the detachment with easy normal lifting off by just changing 
pulling directions, promising for the application in climbing 
robots (Qu et al., 2008). Further researches made wall-climbing 
robots based on gecko-mimic adhesive tapes (Menon et al., 2004; 
Menon and Sitti, 2006; Kim et al., 2007). For example, Murphy 
et al. (2010) proposed a plastic foot structure with fibrillary 
adhesive and passive peeling, each foot has an adhesive area of 
2.83 cm2, a total of 0.19 kg can be supported by at least two 
feet during locomotion. However, using a fully soft material 
is unable to apply sufficient pressure to the whole foot. In 
order to enhance payload capacity and achieve effective climbing 
behaviors, Shao et al. (2020) combined hard aluminum alloy, 
soft polydimethylsiloxane (PDMS) and biologically inspired dry 
adhesive materials to propose a gecko-inspired foot design with 
a hybrid sandwich structure. Owing to the novel structure 
with an approximate area of 12.56 cm2, two feet can carry a 
weight of 3.2 kg. 

Gecko feet not only have strong reversible adhesion but also 
keep very clean although contacting containments every day. 
These two features seem contradictory when considering that 

they all originate from the same materials. It was proposed that 
the self-cleaning ability is attributed to the energy disequilibrium 
between the interface of the substrate and setae covering up 
almost the entire toe pads (Hansen and Autumn, 2005). Later 
experiments demonstrated that hyperextension of gecko setae 
arrays led to a high-speed retreat of setae from the dirt surface, 
consequently dislodging the dirt particles stick to the setae due 
to speed and geometrical effects (Hu et al., 2012; Xu et al., 2015). 
Self-cleaning adhesive tapes (Figure 2h) were also designed based 
on the gecko effect (Geim et al., 2003; Lee and Fearing, 2008; 
Sethi et al., 2008; Dong et al., 2019). Another application of 
gecko-inspired adhesives is micro-manipulator. For example, 
a single polymer micropillar (Mengüç et al., 2012) or a 
polymer microfiber with graphene serves as a “finger” (artificial 
gecko seta) (Xu et al., 2015; Wan and Xia, 2018), as shown 
in Figure 2g. 

Recently, it was found that individual gecko seta was a 
mechanically graded material (Dong et al., 2020). The Young’s 
modulus gradually decreases along the seta from base to tip, with 
up to 20 times of difference in magnitude. Finite element analysis 
reveals that this mechanical gradient in the seta is essential 
to make it more flexible and less stressed so as to generate 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 2 | Gecko adhesive system and its biomimetic structures. Optical photos of (A) a tokay gecko (G. gecko) climbing vertical glass, and (B) its foot, with lamella 
structure (scansors) visible as overlapping pads. SEM images of (C) Array of setae, (D) single seta with branches, (E) spatular tips. Schematic illustrations of 
gecko-foot-mimicking adhesives with (a) monolithic fibular, (b) tip-modified (mushroom-like) structure, (c) tilted structure, (d) hierarchical structure, (e) 
shear-slide-modulated adhesion, (f) mechanically graded materials, (h) velocity-effect manipulation, and (i) self-cleaning structures. [Reprinted from Hansen and 
Autumn (2005). Copyright (2021), with the permission from National Academy of Sciences]. 
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larger frictional adhesion on rough surfaces while reducing the 
risk of fatigue failure of the seta. This mechanical gradient 
was also observed in spider attachment hairs (Flenner et al., 
2020) and tarsal setae of the ladybird beetle (Peisker et al., 
2013). This provides an excellent model for the development of 
durable adhesives. Inspired by these findings, the artificial gecko 
foot-hairs with gardenly distributed magnetic nanoparticles 
along the hairs (Figure 2f) were fabricated, achieving gradient 
modulus/stiffness similar to gecko setae. The bioinspired 
microhairs exhibit the enhanced resistance to fatigue compared 
with the uniform counterparts. 

 
Octopus Sucker and Inspired Adhesives 
Octopuses use suckers for collecting/holding items, locomotion, 
and adhesion based on suction (Packard et al., 1988; Kuba 
et al., 2006). The features of octopus suckers have been reported 
including musculature (Nachtigall, 2013), sensing properties 
(Graziadei and Gagne, 1976a,b), surface features (Nixon and 
Dilly, 1977; Packard et al., 1988), and so on. The exposed disk-like 
portion of the sucker is called the infundibulum, and the upper 
hollow portion is called the acetabulum. There is a rim covered 
with a loose epithelium circling the infundibulum (Girod, 1884), 
shown in Figure 3A. When suckers are attaching to the surface, 
making seal at the rim forms, the pressure in the acetabular 
cavity is reduced. The acetabular cavity is filled with water which 
can maintain the pressure (Tramacere et al., 2012). The key to 
the success of their suction is not the shape of their cups or 

the material, but a little spherical protrusion at the very center 
of the octopuses’ suction cups (Baik et al., 2017). During the 
sucking, the sphere can help create a vacuum chamber in the cup 
and thus allowing it to stick to even rough surfaces underwater. 
The octopus sucker has a high suction efficiency and can be 
performed on almost any non-porous surfaces (Smith, 1991). 

The octopus inspired adhesives were developed based on 
suction mechanism, including single suckers similar to octopus 
ones and some reversible adhesives (Hou et al., 2012; Tramacere 
et al., 2012). Chen and Yang (2017) designed nanoscale sucker 
arrays for the use of adhesion in dry and wet environments. This 
adhesive maintained good performance after 80 cycles on wet 
smooth surfaces and was claimed to meet the demand for medical 
use. Baik et al. (2018) mimicked the infundibulum-acetabulum 
structure of octopus and made a wet-tolerant adhesive patch, 
which was proved better than ones with simple pitch-structures. 
Inspired by the rim and infundibulum of octopus suction cup, 
they also developed highly reversible adhesive patches with 3D 
microtips in micropillars (Figures 3B,C) (Baik et al., 2018). 
The adhesive patches can stably attach on moist, hairy, and 
rough skin. Mimicking muscle actuation to modulate cavity- 
pressure-induced adhesion of octopus suckers, Lee et al. (2016) 
engineered octopus-inspired smart adhesive pads (Figure 3D). 
They fabricated an array of microscale suckers coated with a 
thermally responsive polymer. At ambient condition, the walls 

◦ 
of each pit stand properly (adhesion-off state), but at 32 C, 
the walls contract, inducing suction, thereby letting the entire 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 3 | (A) Photograph of an octopus sucker (Octopus vulgaris) and its infundibular and circumferential rim. (B) Photographs of octopus-mimicked adhesion 
patches with meniscus-controlled microtips (≈3 cm × 3 cm). (C) SEM image and cross-sectional optical image (inset) of micro-suckers (100 µm diameter and 75 µm 
height) mimicking the infundibular and circumferential rim of an octopus sucker. (D) Schematic representation of temperature-modulated octopus-inspired switchable 
adhesive pad. [(A–C) Reproduced with the permission from Baik et al. (2018). Copyright (2021), Advanced Science. (D) Reproduced from Lee et al. (2016). Copyright 
(2021), with permission from WILEY-VCH Verlag GmbH and Co. KGaA, Weinheim]. 
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mate to adhere to a surface (adhesion-on state). The adhesion 
strength also spiked from 0.32 to 94 kPa at high temperatures. 
Other approaches to octopus inspired switchable adhesives were 
reported in the literatures (Choi et al., 2015; Purtov et al., 2015). 

 
 

BIOMIMETIC STRUCTURES WITH 
LIQUID-MEDIATED SWITCHABLE 
ADHESION 
Insect Inspired Liquid-Mediated Adhesives 
The contact between insect adhesive organs and the substrates 
has been studied for about 150 years (West, 1861). Though 
belonging to different animal groups, insects take advantage 
of fibrillar structures for adhesion just like what geckos and 
spiders do (Gorb and Beutel, 2001). Figures 4A–F shows the 
detailed structure of Hemisphaerota cyanea pads (Eisner and 
Aneshansley, 2000), which is quite similar to the aforementioned 
gecko’s setae structure. However, many studies proved that insect 
adhesion is different from gecko because the liquid is involved 
in the insect one. When insects like beetles and flies walk 
on clean substrates, there are “footprint” left which is proved 
droplets (Eisner and Aneshansley, 2000; Betz, 2003; Langer et al., 
2004). A large amount of water will lubricate while only tiny 
droplets were discovered left on the substrate. This indicates 
capillary and viscous forces were involved in the attachment of 
insects. The liquid could enhance the adhesion while it may also 
add difficulties to detachment. Thus the adhesion was believed 
direction-dependent (Niederegger and Gorb, 2003; Bullock et al., 

2008; Labonte et al., 2016) and rate-dependent (Labonte and 
Federle, 2015). That is why insects can control the adhesion and 
fast detach and thus the shearing force and shearing direction are 
important factors in the mechanism of insect adhesion. 

Inspired by the adhesion abilities of palmetto beetles that 
generate adhesive forces (∼33 mN) exceeding 100 times its body 
weight (Eisner and Aneshansley, 2000), Vogel and Steen (2010) 
created a switchable adhesive device, taking advantage of the 
surface tension force from a large number of small liquid bridges 
that can be significant and quickly made or broken electronically 
(switchable) (Figure 4H). The device consists of a plate with 
microscale holes from which a water droplet expands with the 
water/gas interface held at the orifice edge. To prevent the 
contact between the droplet and the substrate, spacers are set 
above the orifice. In the adhesion-off state, the device generates 
the adhesion from the dry spacers only. In grabbing, water is 
squeezed out of the face pad to form liquid bridges between 
device and substrate to generate a large adhesive force. In 
releasing, liquid is sucked back into the device to break the 
bridges. The adhesion force depends on the size of the holes. A 
force of 100 kPa could be generated by the device for a hole size 
of 0.2 mm. 

Mimicking the beetle adhesion mechanism, Wan et al. 
recently demonstrated a graphene-based nano-textured surface 
with highly switchable adhesion triggered by electric signals 
(Wan et al., 2019). As schematically shown in Figure 4I, in a 
high humid environment, upon applying an electrical bias, the 
graphene surface can collect moisture from the environment to 
form a large number of water micro/nano-bridges with target 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 4 | (A) Photograph of a beetle under a 2 g pull. (B) Ventral view of beetle with yellow tarsi. (C) Beetle tarsus (numbers refer to tarsomeres). (D) Polarized 
epi-illumination of tarsus adhering to glass. (E) Tarsus in contact with glass under non-polarized light; showing it is wet at contact points of the bristles. (F) Bristle pads 
adhering to glass. (G) Droplets remained on glass showing a tarsal “footprint.” (H) Switchable wet adhesion concept: Top and bottom states are adhesion-off and 
adhesion-on states, respectively. Switching from adhesion-on to adhesion-off is achieved by pumping liquid into the device; vice versa. (I) Schematic of 
graphene-based nano-textured surface with highly switchable adhesion triggered by electric signals. [(A–G) Reprinted from Eisner and Aneshansley (2000). Copyright 
(2021), with the permission from National Academy of Sciences. (H) Reprinted from Vogel and Steen (2010). Copyright (2021), with the permission from National 
Academy of Sciences]. 
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surface, which drastically increases the adhesive force by a factor 
of 6 at an applied voltage of−15V. This graphene surface is able 
to pick up and place a variety of micro/nano-objects for micro- 
assembling. 

Insect-inspired switchable adhesives usually follow the trend 
of humidity/capillary controlling. For example, fibrillar adhesive 
pads were made by Xue et al. (2013) and they found that the force 
can be tunable by controlling the humidity. Kwon et al. (2006) 
improved the adhesion of micro-patterned elastomer by adding a 
small amount of water. 

 

Tree Frog Wet Adhesion 
Unlike gecko and insect fibrillar structures, tree frog pads are 
foam-like on the surface and covered with an array of cells 
surrounding gaps, shown in Figures 5A–E. Each cell consists of 
many smaller blocks and channels (Federle et al., 2006; Persson, 
2007). Wet liquid can be stored in the gaps and channels. When 
the pads are compressed on the substrate, liquid is released on 
filling the gap between pads and the substrate, forming a lot of 
small liquid bridge, which brings capillary adhesion (Emerson 
and Diehl, 1980; Barnes, 2007). During detaching, the liquid 
brings cracked along the pad-substrate interface by the lateral 
movement of frog toes (Persson, 2007). In addition, according 
to hydrodynamic theory, the patterns of micropillars separated 
by a network of interconnected microchannels effectively widens 
the gap between the adhesive and substrate separated by a liquid 
(Pilkington et al., 2016). These features reduce hydrodynamic 
repulsion and adhesion between adhesive and substrate (Dhong 

and Fréchette, 2015). Thus, the important features of tree frog 
in generating switchable adhesion include (1) Hexagonal surface 
patterning that promotes, particularly on hydrophilic surfaces, 
drainage, which helps remove interstitial liquids, make intimate 
contact, and generate vdW forces, and (2) Micropatterning 
that would hamper crack initiation and propagation, hence 
enhancing adhesion. 

Artificial frog-inspired switchable adhesive was fabricated and 
used to prove the adhesive mechanisms of tree frogs; the shapes 
of micropads would determine the adhesion as well (Drotlef 
et al., 2012). Typical tree-frog-foot structures: hexagonal PDMS 
surface patterns (Figures 5F,G) were fabricated for friction under 
dry conditions (Murarash et al., 2011), and capillary adhesion 
(Drotlef et al., 2012). Iturri et al. (2015) found significantly higher 
friction PDMS pillars with the presence of water, and claimed 
that the orientation-dependent adhesive could be reversibly used 
in wet conditions. An array of micropillars with nanopits on 
the surface (CPp) (Figure 5H) was fabricated by mimicking 
the nanoconcave top of epidermal cells on toe pads of tree 
frogs (Figure 5E) (Liu et al., 2020). The pillars were made of 
the composite of polystyrene (PS) nanoparticles and PDMS. 
Compared with the arrays of micropillars without nanopits, CPp 
demonstrates much larger wet adhesion since most of the liquid 
between CPp and the target surface is squeezed out. Due to 
the squeezing effect, the remaining liquid in nanopits forms 
multiple nanoscale liquid bridges within the contact area of a 
single micropillar. The multiple liquid bridges, together with the 
suction effect and the solid direct contact facilitate strong wet 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 5 | (A) Photograph of juvenile tree frog, Litoria caerulea (snout–vent length, ∼40 mm). (B–D) SEM images of epithelium of frog pads. (B) Whole toe pad. (C) 
Image showing a mucous pore and hexagonal epithelial cells separated from each other at their distal ends by channels. (D) Structure of the epithelial cells. (E) SEM 
image of hexagonal nanostructures of a dense array on the external surface of a frog toe pad epithelial cell. Tree-frog-mimicked adhesives: (F) PDMS adhesive with 
hexagonal pattern for dry adhesion, and (G) Hexagonally micropatterned PDMS surface for capillary adhesion. (H) an array of composite micropillars with nanopits on 
the surface, mimicking the nanoconcave structure of epidermal cells on toe pads of tree frogs. [(A–E) Reproduced from Scholz et al. (2009). Copyright (2021), with 
permission from The Company of Biologists Ltd. (F) Reproduced from Murarash et al. (2011) Copyright (2021), with permission from Royal Society of Chemistry. (G) 
Reproduced from Drotlef et al. (2012). Copyright (2021), with permission from WILEY-VCH Verlag GmbH and Co. KGaA, Weinheim. (H) Reproduced from Liu et al. 
(2020). Copyright (2021), with permission from American Chemical Society]. 
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adhesion. It is shown that the adhesive force is ∼36.5 times that 
of toe pads of tree frogs. This offers a new route for adhesives to 
generate strong wet adhesion. 

 

PHYSICALLY-ACTUATED SWITCHABLE 
ADHESION BY CONTROLLING SURFACE 
CONFIGURATION THROUGH EXTERNAL 
STIMULI 

Smart adhesive surfaces can be found in animals, beetles, flies, 
and ants, with which they can attach and detach quickly to 
various substrates for fast movement, prey capture, and defense 
against predators. Besides the unique structures and properties 
of the natural adhesives discussed above, the adhesion is usually 
modulated by altering the topography of adhesive pads through 
external stimuli. An aphid, for example, has a unique adhesion 
system when clinging to a surface (Dixon et al., 1990). When 
attaching a flat surface, aphid turn its pulvillus by increasing 
blood pressure, which increases the contact area and thus the 
adhesion. Upon release from the surface, the pulvillus is retracted 
by its tibial muscles, which reduces the contact area and hence 

adhesion. Another example is gecko feet that are in a non-sticky 
default state. During gecko locomotion, a force load and dragging 
steps are needed to switch its feet to an adhesive state (Autumn, 
2006a; Autumn and Hansen, 2006). During the attachment, 
gecko performs a mechanical stimulus via gross leg movements to 
reorientate setal shaft and establish the contacts with the surface. 
An opposite process occurs during detachment. This switchable 
adhesion via mechanical stimulus has been implemented in 
synthetic systems. Beyond the mechanical stimuli, other stimuli- 
responsive strategies are implemented to achieve switchable 
adhesion, including temperature, electrical, magnetic, light, etc., 
as shown in Figure 6. 

Temperature-Controlled Switchable 
Adhesives 
Following the natural switchable adhesion concept, Reddy et al. 
(2007) used shape memory thermoplastic elastomers (SMTE) to 
fabricate arrays of vertical micropillars with diameter between 
0.5 and 50µm and height between 10 and 100 µm by soft 
molding at its high transition temperature (Tht = 120–140◦C). 
The as-fabricated topography was mechanically deformed at 
the low transition temperature (Tlt = 51◦C), and cooled down 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 6 | Bioprototypes: (a) Aphid and (b) Gecko. Switchable adhesion by controlling surface configuration through external stimuli: (A) temperature (phase 
change), (B) electrical (electrostatic attraction), (C) magnetic, (D) light (UV-light), and (E) velocity-effect micromanipulators. [(A) Reproduced from Adv. Mater 28(25), Ye 
et al. (2016). Copyright (2021) with permission from WILEY-VCH Verlag GmbH and Co. KGaA, Weinheim. (B) Reproduced with permission from Kim et al. (2019). 
Copyright (2021) Science Advances. (C) Reproduced from Linghu et al. (2019). Copyright (2021) with permission from Royal Society of Chemistry. (a, D) Reproduced 
from Kizilkan et al. (2017). Copyright (2021) with permission from The American Association for the Advancement of Science]. 
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to room temperature in the deformed position, yielding a 
temporary non-adhesive surface with tilted pillars (Figure 2e). 
When increasing the temperature above Tlt, the tilted pillars 
are turned into straight state, increasing the adhesion by a 
factor of at least 200. Similar smart soft adhesives were designed 
and fabricated using nematic liquid crystal elastomers (LCE) 
to dynamically respond to their environment (Ohzono et al., 
2019). When the environmental temperature is reduced to 
critical value, the LCE changes from isotropic phase to nematic 
one, causing the adhesion more than double. Phase change of 
gallium (Ye et al., 2016) is also exploited to achieve switchable 
adhesion due to its relatively low melting point (Tm = 29.7◦C) 
(Figure 6A). The temperature was raised to 31◦C (T>Tm, 
liquid state) causing the low-adhesion state, and decreased 
to 23◦C (T<Tm, solid state), leading to the high-adhesion 
state. Changing the temperature can switch the adhesion from 
the high-adhesion state to low-adhesion state with a high 
switching ratio of 33.4–178 under dry conditions, and 18 under 
wet conditions. 

 
Electrically-Modulated Switchable 
Adhesives 
Compared with other types of external stimuli, electrical 
modulation has several advantages, including versatility (i.e., 
no need to modify the adhesive surface), fast actuation, and 
compatibility with a range of environments (Wan et al., 2019). 
To achieve switchable adhesion, Kim et al. introduced soft 
nanocomposite electroadhesives, consisting of sparse forests 
of alumina-coated carbon nanotubes (CNTs) (Figure 6B) 
(Kim et al., 2019). This bioinspired adhesive can generate 
electrostatically-modulated switchable dry adhesion, which 
exhibits 40-fold lower nominal dry adhesion than typical 
surfaces, yet their adhesive force is enhanced 100 times by 
applying 30 V to the CNTs. The adhesive can perform digital 
transfer printing of various objects including Ag nanowire 
films, metal and polymer microparticles, and unpackaged 
light-emitting diodes. Graule et al. (2016) developed a switchable 
electroadhesive device that can perch and detach on nearly any 
surfaces while consumed power is approximately three orders of 
magnitude less than required to sustain flight. A flying robotic 
insect with these electroadhesives can firmly perch on various 
materials, such as glass, wood, and a natural leaf. 

 
Magnetically-Stimulated Aphid-Inspired 
Adhesives 
Linghu et al. (2019) developed a magnetically actuated adhesive. 
This stamp-like adhesive has open reservoirs, in which magnetic 
particles are filled and encapsulated by a thin surface membrane 
(Figure 6C). In the initial stage, the flat surface of membrane 
is maintained to generate sufficient adhesion (the adhesion-ON 
state) for attachment to a substrate. To switch the adhesion, 
a gradient magnetic field is applied to magnetize the magnetic 
particles. These magnetized particles push the thin surface 
membrane to bulge around the interface, making the membrane 
peel at the outer perimeter and propagate to the center, thereby 
reducing the contact with the substrate, decreasing the interfacial 

adhesion. This state is referred to as the adhesion-OFF state. 
Therefore, through magnetic actuation, the adhesion of aphid- 
inspired adhesives can be switched between a strong (i.e., 
adhesion ON) state and a weak (i.e., adhesion OFF) state 
from a high value of 20.5 KPa to a low value of 7.3 kPa. 
Drotlef et al. (2013) fabricated magnetically actuated arrays of 
micropillars that can reversibly change their geometry upon 
applying a magnetic field. A gecko-inspired magnetically-tuned 
elastomeric micropatterns containing magnetic microparticles 
were also fabricated for switchable adhesion, which work 
under dry and wet conditions. More recently, magnetically- 
switchable adhesion to non-magnetic objects was fabricated 
with a two-phase composite consisting of silicone elastomer 
matrix and dispersed magneto-rheological fluid (Testa et al., 
2020). The composite can achieve up to a 9-fold increase of the 
adhesion of non-magnetic objects in the application of a 250 
mT field. 

 

Light-Modulated Switchable Adhesives 
An artificial, photocontrollable adhesive was designed and 
fabricated, which can be switched on and off simply by shining 
a UV light on it (Kizilkan et al., 2017). This adhesive is a tape 
that consists of three layers. The top layer is mushroom-shaped 
pillars with sticky flat tops that actually touch the surface of the 
target material (e.g., glass) (Figure 6D) (Kizilkan et al., 2017). 
These pillars are embedded in a layer of polydimethylsiloxane, 
which is bonded to a layer of azobenzene liquid crystals (ALC) 
that are sensitive to UV light. At the bottom, there is another 
layer of polydimethylsiloxane. When UV light is aimed at them, 
they change position relative to one another. In the absence of UV 
light, the top layer of the adhesive can generate enough adhesion 
to stick to a glass surface. When the adhesive is exposed to a 
UV light the ALC curls slightly pulling the sticky parts from 
the glass surface to release the adhesive. Varying strength of UV 
light tunes the degree of adherence required. Under ultraviolet 
light illumination, the adhesive force of the material decreases 
by a factor of 2.7 but is quickly recovered after the light is 
turned off. This bioinspired light-modulated device can pick 
up and drop down planar and three-dimensional solid objects. 
Zhou et al. (2019) fabricated a photo-responsive azobenzene- 
contained polymer (azopolymer) for light-controlled switchable 
adhesion. The azopolymer P1 experiences reversible solid-to- 
liquid transitions under light illumination due to trans–cis 
photoisomerization. Like conventional adhesives, trans P1 can 
glue two substrates. Upon being exposed to UV light the trans- 
to-cis isomerization P1liquefies, weakening the adhesion. The 
underwater adhesion of trans-P1-glued quartz (∼0.93 MPa) is 
reduced to ∼0.08 MPa after UV irradiation. This represents 
a strategy for generating reversible bonding and debonding. 

 
 
Mechanically-Stimulated Adhesives 
Inspired by the aphid adhesion and release strategy, an 
artificial aphid adhesion device is developed, consisting of 
an inflatable membrane clamped to the metallic cylinder 
filled with air (mechanical simulation) (Carlson et al., 
2012; Dening et al., 2014). A cylindrical elastomer pillar 
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with a mushroom-like cap and annular chamber was also 
designed to generate switchable dry adhesion dynamically 
modulated by subsurface pneumatic pressure (Mohammadi 
Nasab et al., 2020). These adhesives achieve adhesion- 
ON state and switch to adhesion-OFF with an adhesion 
switching ratio of 5 upon filling with pressurized air into 
the chamber. 

Xu et al. (2015) demonstrated that the same contact- 
shape-dependent dynamic adhesion (observed in gecko 
spatulae/setae) can be utilized to design micromanipulators 
for precise assembly. To prove this concept, a synthetic 
glass microfiber was made having a spatula-shaped platelet 
on top (Xu et al., 2015; Wan and Xia, 2018). It was shown 
that the same weakly dependency of adhesion on pull-off 
velocity on surfaces of different chemical compositions. 
Adopting the principle of contact shape-dependent dynamic 
adhesion responses, micromanipulators were fabricated, 
which demonstrates highly controllable microparticle 
manipulation capabilities by simply tuning the retreating 
velocity (Figure 6E). 

BIOMIMETIC STRUCTURES WITH 
CHEMICALLY-MEDIATED SWITCHABLE 
ADHESION 
Hydrogen Bonds in DNA/RNA for 
Switchable Adhesion 
The DNA double helix consists of base pairs that connecting each 
other with hydrogen bonds. The base pairs also contribute to the 
folded structure of both DNA and RNA (Cockburn et al., 1976; 
Fischer and Lerman, 1983; Guéron et al., 1987). The hydrogen 
bonds were observed directly (Dingley and Grzesiek, 1998) and 
play key roles in the stabilization of protein and nucleic acid 
secondary structure (Saenger, 1984; Jeffrey and Saenger, 2012). 
With the specific base pairing, such as guanine-cytosine and 
adenine-thymine shown in Figures 7A,B, the DNA can backup 
genetic information due to weak reversible hydrogen bonding, 
which can be used to design high-performance smart adhesives 
(Sun and Qing, 2011; Berg et al., 2015). 

Extensive efforts have been put into hydrogen bond based 
switchable adhesives. Viswanathan et al. (2006) used a novel 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 7 | (A) A GC based DNA pair with three hydrogen bonds, and (B) An AT-based DNA pair with two hydrogen bonds, where dashed lines represent 
non-covalent hydrogen bonds between the pairs. (C) A 3,4-dihydroxy-L-phenylalanine (DOPA) group. (D) Temperature-regulated hydrogen bonding adhesive 
mechanism via the coil–globule transition of PNIPAAm film: (Left) Adhesion-on state: structure of thermoresponsive glycopolymers P1 and P2 at the temperature 
below lower critical solution temperature (LCST); (Right) Adhesion-off state: E. coli MG1655pGFP bacteria aggregation controlled by thermal oscillation across the 
LCST in the presence of polymer P2. (E) Working mechanism of underwater switchable adhesion: (Left) Schematic drawing showing low interfacial adhesion at 
temperature below LCST, and (Right) The collapsed pNIPAM-CD chains due to the formation of numerous agglomerates during the phase transition at the 
temperature higher than LCST, leading to the explosion of the adhesive group, and consequently enhanced interfacial adhesion. (F) A pH-responsive switchable 
adhesive comprising dopamine methacrylamide and 3-acrylamido phenylboronic acid: (Left) Adhesion-on state at low pH value, (Right) adhesion-off state at high pH 
value, and (Middle) the force curves at different pH values. [(D) Reproduced from Sun and Qing (2011). Copyright (2021) with permission from WILEY-VCH Verlag 
GmbH and Co. KGaA, Weinheim. (E) Reproduced with permission from Zhao et al. (2017). Copyright (2021) Nature Communications. (F) Reproduced from Narkar 
and Lee (2018). Copyright (2021) with permission from American Chemical Society]. 
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adenine-derivatized triethoxysilane to modify silicon surface, 
and applied a thymine-functionalized to adenine-modified PS 
surfaces. These two surfaces achieved reversible attachment due 
to thymine-adenine hydrogen bonds. Another series of artificial 
polymers including poly(N-isopropylacrylamide) (PNIPAM) and 
its copolymers are famous smart materials with switchable 
adhesion. The switchable transition is due to the complex 
hydrogen bond network formed among the PNIPAM chains by 
lower the temperature to the critical temperature (Figure 7D) 
(Sun and Qing, 2011). Not only the surface hydrogen bond, 
but also the surface morphology can be tuned (Hou et al., 
2009; Gao et al., 2010), and thus aforementioned adhesive 
microstructures are potentially combined with PNIPAM. pH- 
response and photosensitive PNIPAM based polymers were also 
reported (Wang et al., 2006; Xia et al., 2006; Matsubara et al., 
2007; Russew and Hecht, 2010). 

 

Supermolecule-Mediated Switchable 
Adhesives 
Many marine organisms, including mussels, sandcastle worms, 
and barnacles, possess a strong wet adhesion ability via 
catechol chemistry, polyelectrolyte complex, and supramolecular 
architectures (Shao and Stewart, 2010; Ahn et al., 2013; 
Heinzmann et al., 2016). These proteins contain a high content 
of 3,4-dihydroxyphenylalanine (DOPA) residues (Figure 7C), 
and can achieve robust binding to underwater rocks via 
chelation of the catechol functionality of DOPA with the 
inorganic oxides. In addition, metals could strengthen the 
adhesive structure through a self-healing mechanism of metal 
coordination complexes (Shafiq et al., 2012). Because of its 
versatility, catechol-containing natural molecules have been used 
for different applications (Sparks et al., 2012; Panchireddy 
et al., 2018; Fan et al., 2020). However, to make the adhesion 
switchable, the interfacial materials have to be modified 
(Nishida et al., 2013; Narkar et al., 2016). 

Mimicking the natural wet adhesion through controlling 
catechol chemistry, polyelectrolyte complex, and supramolecular 
architectures, Zhao et al. (2017) synthesized bioinspired 
adhesive. This adhesive comprises two copolymers: a mussel- 
inspired guest-adhesive, and a thermoresponsive host. The guest 
copolymer is made by conjugating the DOPA polymer with the 
guest motif adamantine (AD) and methoxyethyl acrylate (MEA) 
monomer. In the polymer, DOPA serves as the adhesive moiety, 
AD as the guest moiety and MEA as the hydrophobic matrix 
to improve the adhesion property of DOPA. A host copolymer 
pNIPAM-CD is further created to reversibly regulate the wet 
adhesion property. Finally, the as-prepared guest copolymer was 
deposited on a silicon substrate by the self-assembly of the host 
copolymer via the host–guest chemistry. This copolymer shows 
the reversible, tunable, and fast regulation of the wet adhesion on 
diverse surfaces modulated by temperature (Figure 7E). 

Narkar and Lee (2018) developed a pH-responsive switchable 
adhesive comprising dopamine methacrylamide and 3- 
acrylamide phenylboronic acid (Figure 7F). This adhesive 
can strongly adhere to quartz substrate at a neutral to mildly 
basic pH (7.5–8.5), but its adhesion drastically reduces due 

to the formation of catechol–boronate complex when pH is 
further increased to 9.0 (18- and 7-fold reduction compared 
with the values measured at pHs 7.5 and 8.5, respectively). 
The adhesive is reversible, and its interfacial adhesion property 
of the adhesive can be tuned by changing pH in consecutive 
contact cycles. Nevertheless, an acidic pH (3.0) has to be used 
to break the catechol–boronate complex to recover the elevated 
adhesive property. 

 
 
SUMMARY AND FUTURE DIRECTION 

In this review we discussed and summarized four types 
of switchable adhesion: mechanically-based, liquid-mediated, 
physically-stimulated and chemically-enhanced adhesions. Based 
on the fundamental theories of the switchable adhesion, 
biomimetic smart surfaces with switchable adhesion modulated 
have been developed for various applications. The unique 
microstructures possessed by gecko, insects, octopuses or frogs 
determine the performance of these adhesives while water and 
supramolecules could be a media to enhance the attaching 
force and switchability. Modifications to these structures can 
result in additional properties such as self-cleaning and or 
dry/wet dual-application. Apart from the structure uniqueness, 
external stimuli including shearing forces, velocity, electric 
and magnetic fields, temperature, lights, pH value, etc. were 
used to control the adhesion switchability, which expands the 
approaches of biomimetic design. In addition, external stimuli 
can also help to control surface morphology, which brings the 
possibility of combining two or more adhesion mechanisms for 
better performance. 

The applications of biomimetic switchable adhesive are not 
limited to traditional attachment/detachment, but also sensors, 
micromanipulation, wearable devices and medical services. 
Though a lot of great achievements have been made, there are 
still many challenges that need to be conquered. The materials 

used for previous bio-inspired adhesives are mostly polymers. 
Compared with animal bodies which are self-healing, the most 
critical weakness of these bioinspired smart adhesion materials 

and devices is low fatigue. Durability is an essential property 
in a reliable mechanical system and in commercial applications. 
Hence, reliable materials and designs are acquired in future work. 

Another challenge is the multifunctionality. Multifunctional 
materials increase the function of the adhesion systems. However, 
most of the current biomimetic switchable adhesives possess 
single function: attachment-detachment, while the biological 

adhesive systems are multifunctional. For example, the elytra 
surface of Namib Desert Darkling beetles, with the combination 
of hydrophobic-hydrophilic bump shell structures, can not only 
protect their bodies and prevent the evaporation of body water, 
but also collect water vapor from the air (Nørgaard and Dacke, 
2010). Therefore, future biomimetic design should consider 
the integration of multifunctions in the next-generation smart 

adhesion systems. 
Future biomimics could also be directed to combining 

two or more bioprototypes from Nature into one material 
or  device  to  achieve  multifunctionality.  Presently,  most 
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biomimicking materials are made by mimicking one biological 
materials structure. Taking the advantage of more than one 
biological structure could create new materials with unique 
multifunctionality. For example, a hybrid bioinspired adhesive 
consisting of gecko-foot-mimicked pillars coated with a thin 
layer of a synthetic polymer that mimics the wet adhesive 
proteins found in mussel holdfasts can achieve reversible 
attachment to various surfaces in both dry and wet environments 
(Lee et al., 2007). 
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