Front. Mech. Eng. 2022, 17(3): 43
https://doi.org/10.1007/s11465-022-0699-x

REVIEW ARTICLE

Learning from biological attachment devices: applications
of bioinspired reversible adhesive methods in robotics

Kun XU, Peijin ZI, Xilun DING ()

School of Mechanical Engineering and Automation, Beihang University, Beijing 100191, China
D Corresponding author. E-mail: xlding@buaa.edu.cn (Xilun DING)

© The Author(s) 2022. This article is published with open access at link.springer.com and journal.hep.com.cn

ABSTRACT Many organisms have attachment organs with excellent functions, such as adhesion, clinging, and
grasping, as a result of biological evolution to adapt to complex living environments. From nanoscale to macroscale, each
type of adhesive organ has its own underlying mechanisms. Many biological adhesive mechanisms have been studied
and can be incorporated into robot designs. This paper presents a systematic review of reversible biological adhesive
methods and the bioinspired attachment devices that can be used in robotics. The study discussed how biological
adhesive methods, such as dry adhesion, wet adhesion, mechanical adhesion, and sub-ambient pressure adhesion,
progress in research. The morphology of typical adhesive organs, as well as the corresponding attachment models, is
highlighted. The current state of bioinspired attachment device design and fabrication is discussed. Then, the design
principles of attachment devices are summarized in this article. The following section provides a systematic overview of
climbing robots with bioinspired attachment devices. Finally, the current challenges and opportunities in bioinspired

attachment research in robotics are discussed.
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1 Introduction

In nature, animals with varying body weight, such as
geckos, octopuses, and beetles, can attach or move freely
on walls or inclined surfaces with a wide range of
roughness and materials. These organisms have various
efficient attachment organs (e.g., seta of gecko [1,2],
sucker of octopus [3], and claws of insects [4,5]) with
unique morphologies and special biological functions for
clinging to contacted surfaces [6,7]. The types of
reversible attachment can be classified into four
categories based on the biological adhesion mechanisms,
as shown in Fig. 1.

(i) Dry adhesion is based on van der Waals force
between the setae and the attached substrate and is found
in gecko [1,2] and spider [8—10];

(ii)) Wet adhesion is based on a unique interaction
among the adhesive pads, mucus, and the attached
surfaces and is found in some amphibians, arthropod, and
molluscs [11];

(iii) Mechanical adhesion is based on the adhesive
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mechanisms of biological spines, snaps, clamps, and
claws and is exploited by some arthropod, birds, reptiles,
and other animals [6];

(iv) Sub-ambient pressure is employed by suckers of
some molluscs and fish to produce adhesion [3,12].

Attachment devices for robots require dependable and
compliant adhesive techniques that can help robots to
complete some dangerous or complex tasks (e.g., building
maintenance, field reconnaissance and rescue, bridge
inspection, space station maintenance, and planet and
asteroid exploration). These potential application scenar-
ios pose technical challenges for robot attachment
devices. Industrial adhesion methods include negative
pressure [13,14], aerodynamic force [15], and magnetic
adhesion [16] used in robotics, particularly in the field of
climbing robots from 1960s. On the contrary, these
attachment devices based on traditional artificial adhesion
technology have some drawbacks, as follows:

(i) Many of them often consume a remarkably amount
of energy, whether moving or stationary, and require
assistance from an external power energy supply [17],
reducing the robot system’s autonomous motion
performance;
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Fig. 1 Four categories of reversible biological attachment methods and typical animals of each type.

(i) Many of them produce noise even when stationary
[17,18];

(iii) They are unable to adapt to an environment with
time-varying constraints and complicated topography due
to lack of adequate compliance, adhesion, and robustness
[19];

(iv) The efficiency and the ratio between practical
adhesion and deadweight of the attachment devices
remain lower than those of animals.

(v) Environmental medium and surface materials can
readily limit their application. For example, negative
pressure adsorption cannot be applied in space environ-
ment, and magnetic adsorption can only be used for
attachment on ferromagnetic surfaces.

A number of adhesion strategies have been discovered
by investigating attachment of creatures during parasi-
tism, hunting, climbing, and copulation, thereby
motivating researchers to build bionic materials and
technologies to improve the attachment performance of
robots. In recent years, researchers have attempted to
mimic biological adhesive organs to construct artificial
attachment devices, as well as to research the design and
manufacturing technology of climbing robots. A signifi-
cant variety of bioinspired adhesives [20,21], suckers
[12,22], and microspines [18,23] is conceived and
manufactured to improve robot attachment performance.
Many bioinspired climbing robots and manipulators have
impressive abilities [24-27]. Bioinspired attachment
systems are exploding and hold great promise for robotics
applications.

In this study, we review the current state-of-the-art
approach in reversible bioinspired attachment systems

and its applications in robotics. Sections 2—-5 present the
four categories of bioinspired adhesive technologies
studied, each with matching biological organs, mecha-
nisms, bionic integration, and applications in robotics.
The current state of the bioinspired attachment methods
in the application of bionic robotic grippers and climbing
robots is discussed in detail. Section 6 outlines the design
methodologies of bionic attachment devices, integration
methods of bioinspired climbing robots, and present
challenges and prospects of the bionic attachment.

2 Dry adhesion

Dry adhesion is an interaction primarily caused by van
der Waals forces and friction, and some animals in nature
can use dry adhesion to rapidly switch between
attachment and detachment to complete the climbing
motion [1,2,28]. Although studies on geckos’ attachment
and movement capabilities date back over two thousand
years, its underlying mechanism based on van der Waals
force was never proven until 2000 [29]. A number of
bioinspired dry adhesives have been developed, following
the discovery of the gecko attachment mechanism. In
some performance indices, such as adhesion, artificial
adhesives can match or even outperform biological
adhesives. Some of them have been used in climbing
robots and grippers. The morphology and potential
mechanisms of biological dry adhesive organs, as well as
the application of bioinspired dry adhesives to climbing
robots and grippers, are discussed in this section.
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2.1 Biological devices and mechanism

Van der Waals forces are the weakest of all
intermolecular forces, while being the most widespread.
The van der Waals force attracts electroneutral atoms if
their distance is equal to or higher than their size [30].
The force per area F, due to van der Waals force between
two planar surfaces is estimated using the following
equation:

A
Fa_M9 (1)

where A4 represents the Hamaker constant, a function of
the volume and polarizability of the molecules involved,
it is generally scaled between 4 x 10715 and 4 x 10720, D
represents the separation distance between the two
surfaces. The Johnson—Kendall-Roberts model and
elastic beam theory are frequently utilized to characterize
spatula-substrate contact [31,32].

According to the van der Waals force principle, the dry
adhesive qualities of gecko setae are mostly related to the
size and shape of their terminals, with surface chemistry
having little effect [29]. The remarkable adhesive ability
of gecko’s pad is primarily due to the following features.

(i) Hierarchical structure. Geckos and spiders have
adhesive pads that are densely covered with tree-like
hierarchical setae, which can increase their compliance
and real contact area, as shown in Fig. 2 [33]. The lamella
on the adhesive pad has a three-level hierarchical
structure that includes setae, branches, and spatulae. The
actual adhesion between the substrate and a single seta
with a spatulae terminal can be nearly 200 mN [1]. If the
number of spatulae in each seta is assumed to be
100—1000, then the equivalent separation distance in Eq.
(1) is 0.38—0.81 nm [33]. A tokay gecko (Gekko gecko)
can resist 20.1 N of pull force by exploiting 227 mm?
adhesive area in its front feet theoretically [34]. The
spatulae are composed of [-keratin, a stiff natural
material, which has a Young’s modulus of approximately
1.4 GPa [35]. At the terminal of the hierarchical structure,
the spatula pads are merely approximately 5 nm thick,
thereby allowing them to be feasibly absorbed on a solid
substrate [36].

(i) Special shape of seta. Setae are virtually oblique
and curved in shape, and they are invariably orientated to
the distal end of the limb, as shown in Fig. 2(d) [33].
When the limbs are attached to the surface and move
relative to the body, these setae are not flattened and
clumped, but are fixed under tension. Furthermore, the
skewness of the setae improves their flexibility in the
normal direction and increases their surface compliance
[37].

(iii) Self-cleaning. Biological adhesives used for
attachment in various scenarios must have mechanisms
for maintaining cleanliness [37]. This phenomenon has
been described as dirt particles among the setae being

removed after the gecko walked few gait cycles on a
clean surface [38]. According to the research, dirty
particles prefer to stick to the wall rather than spatulae
[38]. Niewiarowski et al. [39,40] discovered that gecko
setaec generate sufficient inertial force to dislodge dirt
particles between spatulac during sudden detachment
from the substrate. The self-cleaning ability of gecko seta
is aided by their non-tacky materials with low surface
energy, macroscopic movement, and specific tip shape
[41].

(iv) Directional adhesion. Climbing movement necessi-
tates a strong adhesion and rapid peeling with low
consumption [42]. Geckos can separate their feet from the
substrate in 15 ms with nearly little disengaging forces
[43]. Gravish et al. [43] discovered that the ideal peeling
angle of the setae is 130° between substrates given the
negative returning elastic energy and the effort of
detachment in this direction. Chen et al. [37] used the
beam model to determine the peeling force of a single
spatula, and the force is approximately 10 times more in
30° than in 90° of peeling angle in theory.

2.2 Dry adhesives and their applications in robotics

Bio-inspiration provides a common design paradigm for
artificial adhesives that may be widely employed in
robotics. We focus on classification of bioinspired dry
adhesives, and their applications in robotics are discussed
in this work. References [44,45] show the state of art
information on the features and manufacturing processes
of various types of dry adhesives. A growing number of
climbing robots and robotic gripper attachment devices
use dry adhesives for attachment due to their popularity.
Attachment devices of bioinspired climbing robots that
use dry adhesion can be classified into three groups based
on their locomotion mode: leg, wheel-leg (wheg), and
track. However, due to limits in self-cleaning, wear
resistance, and compliance for rough surfaces of dry
adhesives, these robots cannot function on dusty and
rough surfaces yet.

2.2.1 Dry adhesives

Inspired by gecko setae, three dry adhesive fibril features
are proposed: (i) As many contacting fibrils as possible
should be placed in each unit area, to boost adhesive
strength via van der Waals forces; (ii) width—length ratio
and material stiffness cause the elastic energy stored in
the fibrils to be less than the adhesion work; (iii) fibrils
should not be bound and agglomerated [46].

Many different types of single-level fibrillar structures
have been created by molding polymers through nano
indentations and nano porous filters that closely resemble
gecko adhesive [47-52]. Contact geometry is an
important factor in optimizing the adhesive property.
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Fig. 2 Illustration of hierarchical structure of the gecko adhesive pad from macroscale to nanoscale: (a) ventral view of a tokay gecko
(Gekko gecko), (b) foot, (c) setae, (d) single seta, and (e) arrays of spatular tips of a single seta. Reproduced with permission from

Ref. [33] from Oxford University Press.

Figure 3 [24,53-58] shows a few of the dry adhesives that
have been applied by robots. According to several
studies, mushroom-shaped adhesive microstructure
(MSAMS) fibrils exhibit stronger adhesive capability
than planar, spherical, and spatulate fibrils, as well as
higher hierarchical potential [59-61]. Furthermore,
MSAMS fibrils have advantages in cracking resistance
and surface defect reduction for avoiding stress concen-
tration at the interface [62—-64]. As a result, MSAMS are
commonly employed in the design of artificial
bioinspired dry adhesive surfaces. Many MSAMS
adhesive pads, such as those shown in Figs. 3(a)-3(c)
[53-55], have been used in robots.

The directional adhesion inspired by geckos is essential
for adhesive application, allowing robots to engage and
disengage from surfaces rapidly and efficiently [65].
Anisotropic microstructures, such as sloped and wedged
structures shown in Figs. 3(d)-3(g) [24,56-58], can
controllably and compliantly transition adhesives
between strong adhesion and easy separation via shear
movements [20,56,66]. Sloped or wedged structures are
commonly employed in the design of controlled dry
adhesives to provide anisotropic adhesion due to their
flexural modulus, contact region, and detachment angle
properties. Parness et al. [56] used dual exposure
lithographic mold making process to make wedge-shaped
dry adhesives with long lifetime. Wang et al. [67]
achieved anisotropic adhesion on inclined MSAMS dry

adhesive surfaces. Furthermore, asymmetric tips with
various geometric shapes on sloped or vertical fibrils are
possible methods for obtaining anisotropic dry adhesive
surfaces [51,68,69]. These dry adhesives are perfect for
robot attachment because they can be used in conjunction
with movements of the mechanisms of robotic grippers or
the toes of climbing robots to provide strong adhesion
and quick release.

Greater adhesion can be acquired by developing
hierarchical and refined setae [2]. Hierarchical designs
can increase structural compliance on surfaces with
varying degrees of roughness while maintaining adhesion
strength [70]. Initially, in hierarchical fibrillar structures,
smaller fibrils were simply attached to basic supporting
fibrils to increase equivalent contact surface [71]. Many
different types of hierarchical structures, such as MSAMS
and sloping structures created by diverse manufacturing
procedures, currently flourish [65]. However, current
hierarchical dry adhesives are rarely used in robots due to
their ease of wear and tip clustering.

Generally, fibrils made by silicon rubbers, such as
polydimethylsiloxane (PDMS) and polyvinyl siloxane
(PVS), are demold easily, hydrophobic, environmentally
insensitive, and reusable. They also have advantages on
self-cleaning property and low surface energy [44]. The
MSAMS adhesive surfaces can be fabricated by
demolding from the master mold, photolithography, and
etching [65]. Two-photon lithography is a recent method,
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Fig. 3 Artificial adhesives used in robotics: (a) MSAMS adhesive used in TBCP-II, reproduced with permission from Ref. [53] from
IOP Publishing, (b) MSAMS adhesive used in Mini-Whegs, reproduced with permission from Ref. [54] from IEEE, (c) MSAMS adhesive
used in gecko robot_7, reproduced with permission from Ref. [55] from ACTA Press, (d) adhesives with wedged structure, reproduced
with permission from Ref. [56] from Royal Society, (¢) adhesives with wedged structure used in Stickybot, reproduced with permission
from Ref. [24] from IEEE, (f) adhesives with wedged structure used in the space gripper, reproduced with permission from Ref. [57] from
The American Association for the Advancement of Science, and (g) adhesives with wedged structure used in soft gripper, reproduced with

permission from Ref. [58] from IEEE.

which allows high spatial control to generate micro-
patterned surfaces with a resolution of up to 300 nm [72].

The ability to self-clean has a considerably impact on
the longevity of dry adhesives [65]. Results demonstrated
that fabricating tiny fibrils from materials with high
modulus of elasticity and low surface energy can improve
the self-cleaning property of artificial dry adhesive
surfaces [73—76]. The three types of self-cleaning are wet
self-cleaning, contact-separation, and dynamic self-
cleaning. Wet self-cleaning uses liquid to roll across the
super-hydrophobic surface to remove dirty particles
[63,77,78], contact-separation utilizes contacting with the
attached surface to remove dirty particles [73,75],
dynamic self-cleaning uses the mechanism of the gecko
toes’ hyperextension movement [40]. The self-cleaning
function of the adhesive pads is used in climbing robots
and grippers, but it has not been mentioned in the reports.
Furthermore, most structures of artificial fibrils that can
attach well to smooth surfaces show poor performance on
rough surfaces. These adhesives cannot match the
attachment ability of biological adhesive pads on rough
surfaces [45,79].

2.2.2  Multilegged climbing robots

Many gecko-like feet with particular movement
mechanisms and dry adhesives have recently been
developed and successfully used in climbing robots as

shown in Fig.4 [24,55,57,80,81]. Unver et al. [82]
developed a climbing robot called Geckobot with a
tendon detaching mechanism on its feet. During the
disengagement phase, cables driven by a servo arm pull
up PDMS adhesives, and then compression springs can
actuate the entire device back to its initial position.
Stickybot, a gecko-inspired climbing robot developed by
Stanford University, could climb through smooth vertical
substrates, such as glasses, plastics, and tiles. The robot
employs techniques inspired by geckos, such as
hierarchical structure compliance, directional adhesion,
and shear contact force adjustment, to achieve
controllable adhesion [17,24]. A two-stage differential
mechanism is employed to drive the toes for attachment
and detachment with load-sharing, as shown in Fig. 4(a)
[24]. Its feet are covered in nanoscale with arrays of
microscopic, sloping polymer fibrils, this asymmetric
adhesive structure is similar to geckos’ setac for easy
attachment and disengagement. Its force control method
enables adhesion force control while promoting smooth
adhesion and peeling between the adhesive pad and the
substrate. Ulsan National Institute of Science and
Technology developed the UNIclimb, a small climbing
quadruped robot made with 3D printing. Its multilayer
adhesive feet allow it to walk on varying angled walls and
ceilings. The leg module of the robot uses the Hoekens
linkage mechanism, which is powered by a single motor
[83]. LEMUR 3, a large quadruped climbing robot
developed by Jet Propulsion Laboratory (JPL), as shown
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Fig. 4 Multilegged climbing robots with dry adhesives: (a) Stickybot and its foot, reproduced with permission from Ref. [24] from
IEEE, (b) LEMUR 3, reproduced with permission from Ref. [57] from The American Association for the Advancement of Science,
(c) gecko robot 7 and its foot, reproduced with permission from Ref. [55] from ACTA Press, (d) Abigaille-III and its foot, reproduced
with permission from Ref. [80] from Springer Nature, and (¢) AnyClimb II and its flat adhesive foot, reproduced with permission from

Ref. [81] from Elsevier.

in Fig. 4(b) [57], can climb mock-solar panel surfaces
using grippers covered with 80 pum anisotropic fibrils
[19]. The adhesives are sheared by an opposite clamp
mechanism for detachment and attachment, and the cable
driving system can enable the load sharing between
different adhesive pads [19,57]. Nanjing University of
Aeronautics and Astronautics developed gecko robot 7,
as shown in Fig. 4(c) [55], its feet can evert and stretch,
similar to geckos’ feet. Four PVS MSAMS adhesive
surfaces are used as toes, which are connected with
tendon-like threads driven by a motor. Furthermore, the
surface of this toe is composed of two arcs, which can
generate more normal adhesion than one arc and none arc
structures [55]. Shao et al. [84] devised a hybrid soft-rigid
foot with a sandwich structure, which was applied in the
gecko-inspired climbing robot. The rigid component is
used to provide sufficient pressure to achieve an omni-
directional adhesive force. The soft part and dry adhesive
with MSAMS are made by PDMS.

Increasing the number of legs on a legged climbing
robot can enhance its gait stability. Birkmeyer et al. [85]
devised CLASH, a micro six-legged wall-climbing robot
with dual parallel four-bar legs to ensure foot posture.
The ankle joint is a remote center-of-motion (RCM)
mechanism constructed by a polyethylene terephthalate
loop, a latex tendon, and an adhesive pad that allows the
foot to make coplanar contact with the surface. Simon
Fraser University’s Abigaille I is a lightweight hexapod
climbing robot [86]. Its feet are covered by arrays of
flexible millimeter scale columns connected with a layer
of MSAMS adhesive on the bottom. It can walk on
vertical planes using a pentapedal gait. Its successor,
Abigaille-III, employs dual-layer dry adhesives for
attaching as well [80]. The detachment mechanism shown
in Fig. 4(d) [80] is made up of an infrared ray (IR) sensor
that detects contact and a cam that is powered by a
detachment motor that peels off the adhesive pad. With
the help of an elastic band, the foot can always be parallel
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to the attached surface [80]. Yeungnam University
developed the AnyClimb family of eight-legged wall
climbing robots, as shown in Fig. 4(e) [81]. Vytaflex-10
elastomer is used to make the flat dry adhesives. A
compliant asymmetric four-bar mechanism is designed to
generate the motion trajectory of the foot when climbing
on curved surfaces [81,87].

2.2.3 Wheeled and tracked climbing robots

On smooth and planar surfaces, mobile robots with
wheels and tracks outperform legged systems in
efficiency. Climbing robots that use wheels or tracks as
climbing mechanisms have better speed and simpler
structure, but they are less capable of overcoming
obstacles than legged robots. Wheels and tracks can also
have incorporated dry adhesives as shown in Fig.5
[53,54,88,89]. Some climbing wheels are designed with
dry adhesive feet around their rims to increase contact
area. These wheels are known as whegs. Carnegie Mellon
University’s Waalbot II shown in Fig. 5(a) [88] is a small
nimble wall-climbing robot; it is developed for climbing
smooth vertical surfaces and is the first robot to use
whegs for climbing. It was outfitted with Vytaflex-10
adhesives for climbing. Each wheg is triangular in shape
with three adhesive pads and is powered by a gear motor.
Each triangle vertex is attached by a passive revolute
ankle joint to one foot with an adhesive pad. When the
whegs revolve, the forward adhesive pad contact with the
surface, and the rear adhesive pad separates from the
surface to allow the robot to climb. It can also complete
the transition from floor walking to wall climbing [88]. A
passive revolute joint between the two sides of the robot
is used in the updated version, Waalbot II [90]. It can
enable each side to independently rotate to reduce internal
tension between the feet on the opposite sides. The
climbing robot Orion exploits bilayer dry adhesives to
climbing at most 120° slope. Its dynamic model is built
by an equivalent virtual model as a slider-crank
mechanism [91]. Mini-Whegs, little climbing robots
shown in Fig. 5(b) [54], climb using two whegs, each of

Wheged climbing robots

Adhesive
51 elastomer

which has four MSAMS adhesive pads made of PVS.
They can climb an inverted glass surface. The curvature
profile of the foot helps keep the adhesive pad from
curling back [54].

Adhesive tracks are easier to design than adhesive feet
or whegs and modularized to satisfy the requirements of
the user [53]. Carnegie Mellon University developed
Tankbot, a tracked climbing robot family with six
variants [89,92]. Tankbot family robots are lightweight,
ranging from 60 to 150 g and can climb an incline with
any angle ranging from 0° to 360° on smooth surfaces.
They can stick to smooth substrates continuously and
firmly, achieving relatively rapid and stable movements,
obstacle negotiation capability, and load capacity.
Vytaflex-10 is used as the material of the flat adhesive
tracks. Its active tail can transfer the normal component
of the peeling force to the front wheel to enhance the
downward thrust on the front track, which regulates the
track contact area with the connected substrate. Carnegie
Mellon University developed MultiTank, a climbing
robot, based on Tankbot’s research by connecting two
track modules via passive waist joints. Figure 5(c) [89]
shows the prototype’s structure, with A and B
representing the two adhesive track modules, C
representing the passive waist joint, D representing the
active tail, and E representing the control board. TBCP-II
employs two tank modules, as shown in Fig. 5(d) [53],
with MSAMS adhesive tracks. Each module is actuated
by a motor for adhesion and movement. These modules
are linked by an active joint enabling active adhesive
preloading based on feedback from distance measure-
ments between the robot and the surface [53]. The waist
joint can take the place of the tail in providing preload
and enables it to complete the transition of movement
from horizontal to vertical surface climbing.

2.2.4 Gripper

Dry adhesives are suitable for soft robotic grippers
because of their similar material properties. Many soft
grippers with dry adhesives are developed as shown in

Tracked climbing robots

Fig. 5 Climbing robots with dry-adhesive wheels or tracks: (a) Waalbot II, reproduced with permission from Ref. [88] from IEEE,
(b) Mini-Whegs, reproduced with permission from Ref. [54] from IEEE, (c¢) MultiTank, reproduced with permission from Ref. [89] from
John Wiley and Sons, and (d) TBCP-II, reproduced with permission from Ref. [53] from IOP Publishing.
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Fig. 6 [57,58,93-96]. Adhesive soft grippers can satisfy
the requirements of a compliant interface for conforming
to uneven surfaces as well as a strong grasp [93].
Dadkhah et al. [97] modified a Schunk gripper by
grouping three electrostatic and dry adhesive pads to
attach and grasp. Tendons are used to load in a shear for
flat surfaces. The tests show that the gripper works well
on various smooth and rough surfaces including textiles.
Song et al. [93] devised a soft-gripping device for
grabbing nonplanar 3D geometries that incorporate an
elastomeric adhesive and a pressure-controlled defor-
mable gripper body, as shown in Fig. 6(a). It controls
adhesion strength by adjusting internal pressure and using
the mechanical principle of load sharing at the interface.

On irregular surfaces, the soft adhesion system can
employ up to approximately 26% of the maximum
adhesive, it is 14 times greater than the stiff adhesion
system without load-sharing [93]. Stanford University
developed a robotic gripper for grasp in microgravity that
consists of a flat surface gripper unit covered with wedge-
shaped fibrils [98], a curved surface gripper unit also
covered with adesives, a pulley differential load-sharing
system, and a nonlinear passive wrist with four super-
elastic shape memory alloy (SMA) for increasing
compliance, as shown in Fig. 6(b) [57]. It can grasp
objects with diameters from 0.6 to 2.2 m, and its
maximum payload reaches 400 kg [57]. JPL developed a
gripper by combining fluidic elastomer actuators and an
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Fig. 6 Robotic grippers with dry adhesives: (a) sucker covered with dry adhesive [93], copyright 2017, (b) gripper for manipulation in
microgravity, reproduced with permission from Ref. [57] from The American Association for the Advancement of Science, (c) gecko-
adhesive elastomer actuator grippers, reproduced with permission from Ref. [94] from IEEE, (d) soft gripper with dry adhesives and
electrostatic adhesives, reproduced with permission from Ref. [58], (e) adaptive soft exoskeleton gripper with the directional adhesive,
reproduced with permission from Ref. [95] from IEEE, and (f) farmHand, reproduced with permission from Ref. [96] from The American

Association for the Advancement of Science.
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artificial dry adhesive. On dusty or rough surfaces, where
dry adhesion is ineffective, the soft gripper can preserve
grasp ability through fluidic elastomer actuators, as
shown in Fig. 6(c) [94]. Hao et al. [99] developed a
cylindrical accordion-shaped soft gripper with an interior
gecko-like adhesive surface to increase attachment force.
An object would be enveloped or grasped when it is
inflated or deflated by pressure produced by fluidic
channels. The gripper adapts better to the shape of the
object than grippers with soft fingers. Illinois Institute of
Technology developed a soft gripper with two fingers
covered by dry adhesives and electrostatic adhesives for
grasping objects with a wide range of roughness as shown
in Fig. 6(d) [58]. The geometry for the electrodes is
optimized by Comsol Multiphysics software to improve
the grasp wrench of the gripper. Hu et al. [100] devised a
bioinspired soft gripper with two branches that consist of
flat dry adhesives, soft actuators by SMA, and
microspines. The integrated gripper can lift regularly or
irregularly shaped objects with smooth or rough surfaces,
thereby providing a higher adhesive force than the non-
adhesive type. Hashizume et al. [95] developed an
adaptive underactuated gripper combined with a
capacitive sensor and a dry adhesive film, as shown in
Fig. 6(e). Each finger skeleton is made up of a bendable
inner soft beam that conforms to curved surfaces and a
flexible chain of segments connected by pins to cross
beam struts. The fingers are 3D printed by ABS plastic.
When employing adhesive films, the gripper may reach
2.6 times the pull out force on rough surfaces when
compared with soft rubber [95]. Stanford University
developed a tendon driving anthropomorphic robotic
gripper called farmHand with four fingers composed of
the rigid phalanges and the flexible buckling ribs as
adhesive suspension [96]. Its adhesive suspensions can
improve the contact area and the load sharing in
tangential and normal direction. It can grasp objects of
various sizes and hardnesses (such as grapes, eggs,
apples, and 3 kg orange juice buckets), as shown in

Fig. 6(f) [96].

3 Wet adhesion

Many living organisms, such as tree frogs and insects,
can perform secretions from adhesive pads to build liquid
bridges between contact units (e.g., nanopillar and seta)
and attached substrates, generating viscosity and
capillarity force or constructing fixation, which is
commonly referred to as wet adhesion [11,101]. The
adhesive methods of tree frogs, walking stick, mussels,
and some other organisms have inspired the development
of bionic adhesives used in robots.

3.1 Mechanisms of wet adhesive

Tree frogs can climb easily and freely on rough surfaces,

such as barks, by injecting a mucus into the pad-substrate
contact area to generate wet adhesion [102]. Convex
epithelial cells are mainly hexagonal with nanopillar tips
on extremely soft toe pads of tree frogs to adapt and
match well with irregular surfaces [103], as shown in
Fig. 7 [11]. Wet adhesion can inspire us to design
practical wet adhesive surfaces and corresponding
attachment devices to use in robotics and medicine.

When a filmy layer of liquid covers the pace between
the contact units on the biological attachment pad and the
attached substrate, the wet adhesion is usually ascribed to
capillary forces and Stefan adhesion demonstrated by a
model shown in Fig. 8. It is constituted by a contact unit
on a plane substrate and connected by a drop of liquid.
When the detachment occurs, the corresponding force
against capillarity force Fc,, is given by Eq. (2), as
follows:

, €0s6; +cosb,

Ry ——— 2)
h

where R is the radius of the contact unit, y is the surface
tension, / represents the height of the liquid film, and 6,
and 6, are the contact angles of the liquid film with
contact unit and the surface, respectively. When
separation occurs in two surfaces involving the fluid in
the gap between them, a viscous force will resist the
separation until the movement is completed. The
hydrodynamic force F1,yq can be given, as follows:

dh 3myR*

Fia = = =, 3)
where 7 is the viscosity of the liquid, and ¢ is the
separating time of the two surfaces [104-106]. The
capillarity forces are mainly decided by the radius of the
contact unit, and viscous forces are dominated by
separation speed. Capillarity forces and Stefan adhesion
would decrease when the liquid layer height 4 increases.
In a recent study [107], the model with multiple liquid
drops is established for enhancing capillarity forces, in
which one large liquid droplet with volume of V is
regarded as n small drops with volume of V/n. The
corresponding capillarity force equation of multiple wet
adhesion F,(d) is described as follows:

F(d) = 2nn*Pys f(dn'"?), “4)
where n represents the number of contact units, s is the
scale factor, d is the normalized separation, and f is the
normalized total force. Equation (4) demonstrates that the
capillarity increases significantly when the number of
liquid drops increases.

For example, the wet adhesion studies on tree frogs are
mainly generalized from the unique morphology of their
toe pads and features of mucus as a viscous agent
secreted by their toe pads. Barnes [11] proposed that the
non-Newtonian fluid models of a little liquid drop of
mucus play an important role in regulating adhesion

Fcap:_ — XY,
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Fig. 7 Tree frog toe from macro to micro, reproduced with permission from Refs. [11] from Springer Nature: (a) whole toe pad, (b) toe
pad epidermis showing largely hexagonal columnar epithelial cells, the channels between them and a mucus pore, (c) view of a single
epithelial cell showing evidence of nanostructuring on its surface, and (d) view of part of the surface of a single epithelial cell showing

nanoscale peg-like projections.

Fig.8 Wet adhesion model.

force. Then, Persson [102] established the model of the
adhering and peeling process between adhesive pads and
attached surfaces on the basis of the capillary forces. The
reversible adhesion can be achieved by regulating the
distance between the attached surfaces and the toe pad by
using the channels on the glands of pad, which can absorb
and release the liquid. These channels can also apply
mucus to the pad surface and remove water on the
attached surfaces to achieve wet adhesion [103].
Moreover, the self-cleaning property of the adhesive toe
pads after contamination was studied, and the results
showed that shear motion and the washing effect of the
secreted mucus could assist in shedding dirty particles on
the contact surface [108]. Tulchinsky and Gat [109]
proposed that the viscous-poroelastic interaction was a
temporary adhesion mechanism of tree frogs. The

physical and mathematical models are set up, showing
that stress at the contact area could cause transitory
adhesion. Therefore, the mucus secreted by adhesive pad
of tree frogs can assist in generating wet adhesion on the
attached surfaces by its multiple functions, such as
flushing and viscous agents, generation of capillary force,
viscous force and the viscous-poroelastic interaction, and
self-cleaning property.

Generally, the unique functions and morphology of the
adhesive pads of tree frogs and their special mucus play a
decisive role for the formation of wet adhesion. Thus far,
the wet adhesion mechanism of tree frogs has not been
fully revealed. More studies should be carried out to
clarify the essence and mechanisms of wet adhesion, such
as mucus control method and effect of different mucus
compositions [110].

In addition to organisms that use adhesive pads for
attachment in wet conditions, mussels and sandworms
have been discovered to use hydrogels to generate
adhesion [111]. The ability to adhere is dependent on the
production of sticky protein glues. 3,4-dihydroxy-I-
phenylalanine, a catecholic amino acid included in sticky
protein glue, has been demonstrated to permeate the
hydration layer and interact with the substrate surface
[112]. According to recent reports, researchers can design
reversible attachment of hydrogels for use in climbing
robots [113].
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3.2 Wet adhesives

Various artificial wet adhesives have been developed in
recent years by mimicking the hexagonal structures of
tree frog toe pads as shown in Fig. 9 [114-116], and their
wet adhesive properties have been extensively studied.
Many materials with a wide range of Young’s module,
such as carbon nanotube, polyurethane (PU), polyure-
thane acrylate (PUA), polystyrene (PS), and PDMS, are
used to fabricate wet adhesives using various manufac-
turing methods [110]. The aspect ratio (AR) of micro
column is very critical given its stability and adhesive
performance [117]. Generally, increasing AR increases
wet adhesion significantly [114], but higher AR does not
always contribute to enhanced adhesion. The probability
of bending and clustering of micropillars is increasing
when the space between micropillars is extremely small
[118,119]. Chen et al. [114] studied wet adhesives
employing various micropillar patterns including
quadrangle, triangle, thombus, and diverse hexagon, they
found that the surfaces with hexagonal pillar shown in
Fig. 9(a) can provide stronger friction. The surgical
grasper with hexagonal micropillar performs better on
friction and deformation than conventional surgical
grasper [114]. The wet adhesives having complex
microstructure of PS fibrils combined with soft PDMS
hexagonal pillars can significantly increase adhesion and
friction compared with the microstructure with only
PDMS. This structure can also adjust the stress distribu-
tion of interface during contact, such that wet adhesion
can be enhanced by reducing the maximum stress and
moving the maximum stress to the central area [120].

The study shows that adding a thinner PDMS layer at
the end of the PS column can more effectively reduce the
stress on the edge of the column and enhance adhesion
[120]. Similarly, T-shaped PUA micropillars covered
with a film of PDMS can bear larger shear force than T-
shaped micropillars only made of PDMS or PUA. The
wettability of microstructure surface also has a profound
influence on wet adhesion [121]. Drotlef et al. [121]
studied the attachment mechanism of wet adhesives made

of PDMS with diverse wettability. They proposed that
when a liquid film is present, capillary force and contact
force determine the wet adhesion of a surface with
micropattern together. Furthermore, few studies demon-
strate that adhesives with narrow hexagonal or unique
arch-shaped microstructures shown in Fig. 9(b) [115]
could generate more friction under humid conditions than
standard hexagonal micropatterns, possibly due to
superior drainage performance [115,118]. Although most
studies on wet adhesion employ covering a liquid film
over adhesives, some studies transport the mucus to the
contact zone to imitate biological secretions, as shown in
Fig. 9(c) [116].

3.3 Applications in robotics

Wet adhesion is less common in robotics than dry
adhesion, but it has been growing in popularity in recent
years. These robots are primarily used on wet surfaces
and lack the ability to secrete mucus autonomously. The
application of wet adhesives in reversible adhesion is
limited because the key technology of automatic liquid
secretion and micro-control methods has not yet broken
through. Figure 10 [104,122-124] displays a few typical
instances of wet adhesion applications in robotics. Suzuki
et al. [125] designed a wall climbing robot inspired from
ants; it uses a wet adhesive glass pad to generate normal
force and dry adhesive PDMS pads to generate tangential
forces. Tongji University developed a walking stick-
inspired wet adhesion pad with quadrangle microstructure
prepared using a combination of electroforming and soft
lithography [126]. It was used in a hexapod climbing
robot, which can climb on the 80° smooth surface, as
shown in Fig. 10(a) [104]. Chen et al. [122] used wet
adhesives on the center of a microrobot Harvard
Ambulatory MicroRobot (HAMR) to generate adhesion
by capillary force, as shown in Fig. 10(b). The microrobot
slides using four legs to accomplish its climbing
movement. Xiamen University researchers developed a
borate ester polymer hydrogel that can rapidly switch
between adhesion and non-adhesion in response to mild

Detached

(C) istatic eiuilibrium

“Grabbing”
(dynamic)

“Releasing”

S|
pacer (dynamic)

Solid

Attached

static eiuilibrium[

Fig. 9 Wet adhesives: (a) wet adhesives with hexagonal pillars, (b) wet adhesives with arc pillars, and (c) reversible adhesion by
pumping liquids in and out. Reproduced with permission from Refs. [114—116] from American Chemical Society.
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Fig. 10 Applications of wet adhesion in robotics: (a) hexapod climbing robot, reproduced with permission from Ref. [104] from IEEE,
(b) insect-scale climbing robot with wet adhesives, reproduced with permission from Refs. [122] from IEEE, (c) illustration of the robot
climbing by hydrogel, reproduced with permission from Refs. [123] from The American Association for the Advancement of Science,
and (d) soft gripper with wet adhesives, reproduced with permission from Refs. [124] from IEEE.

electrical stimulation [113]. The hydrogel can repeatedly
adsorb and separate different surfaces by changing the
direction of the electric field, with response times as short
as 1 s. This hydrogel can be simply applied to the foot
and wheel of climbing robots to enable them to climb on
vertical and inverted conductive substrates (e.g., stainless
steel and copper), as shown in Fig. 10(c) [123]. Xin et al.
[127] developed a soft robot inspired by a snail and
driven by pneumatic actuator, they increased the robot’s
crawling speed by 2.7 times by covering the contact
surface with bionic mucus. Such climbing robots have
potential applications in wet and slippery environments,
such as the human body.

Nguyen and Ho [124] investigated the grasping of
deformable thin shells using a soft gripper with
microstructured wet adhesives. They developed a
platform for automatic attachment and removal of contact
lenses from the human eye in a humid environment, as
shown in Fig. 10(d) [124]. The grasp forces were
modeled and validated, and the results showed that
grippers with square microstructured wet adhesion pads
required 1.1-2 times less preload than those without
microstructures. Van Nguyen et al. [128] also used
similar wet adhesives in another pneumatic soft gripper
with two fingers, which can grasp tofu with lower preload
than common soft gripper.
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4 Mechanical adhesion

Mechanical adhesion is defined in this context as the use
of biological organs to hook, catch, interlock, or clamp
onto asperities or structures on a surface to generate
attachment forces, as shown in Fig. 11 [6,11]. Many
animals, including birds [105,129], lizards [6,130], cats,
and insects [6,105], cling well by interlocking claws or
spines with substrates. Claws and spines can withstand
enormous forces per unit area by catching protrusions and
clinging to rough, hard surfaces [131]. They can also
penetrate soft surfaces and cause adhesion [132].
Attachment failure is primarily caused by the rupture,
bending, or yielding of the attachment devices or the
attached surfaces [131]. In comparison to dry and wet
adhesion, mechanical adhesion is a relatively macroscop-
ic adhesion. The most common method of bioinspired
mechanical adhesion in robotics is using claws to assist
robots to attach on rough surfaces.

4.1 Biological devices

Insects and arthropods may readily climb on rough
surfaces, typically using clawed legs and a plethora of
small, sharp spines, such as the cricket leg shown in

Catch

Lock

Fig. 11

Tympanic membrane

Tarsi Spurs

Fig. 12(a) [133] that can interlock asperities. Frantsevich
and Gorb [134] investigated the attachment of the hornet
and built an equivalent mechanism of its tarsal chain,
which has only one active degree of freedom (DOF), as
shown in Fig. 12(b). The hornet can use two claws on the
tarsus to grasp asperities on rough surfaces and a wet
adhesive pad to cling to smooth surfaces [134]. When
asperities on the surface are clasped by the claws of two
opposing legs, the hornet can withstand external forces
roughly 25 times its own weight [134]. Locusts (Schisto-
cerca gregaria) are well-known for their powerful flying,
jumping, and gripping abilities. Locusts can climb in
surfaces with a wide variety of roughness using their
sophisticated multi-functional tarsal chain containing
adhesive pads, spines, and claws [135]. Han et al. [136]
discovered that locusts (Locusta migratoria manilensis)
can firmly cling to the ceiling when the diameters of
asperities on the substrate are substantially larger than the
diameters of the claw tips. The locust uses microspines to
maximize the possibility of interlocking and matching
mechanical adhesion for sustaining the main force, and
the adhesive pads are employed passively to saturate the
adhesion to avoid slippage during jumping [136].
Roderick et al. [129] observed the landing process of
pacific parrots. They found that they mix predictable toe
pad friction with probabilistic friction from their claws,

Illustration of typical mechanical adhesion.

=
0.5 mm

Fig. 12 Spines and claws of insects: (a) claws and spines on the cricket leg [133], copyright 2018, and (b) equivalent mechanism of the
hornet claw, reproduced with permission from Ref. [134] from Elsevier.
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which they drag to search surface protrusions. The claws
should be dragged further when the toe pad is squeezed
less. The findings were used to the design of an
unmanned aerial vehicle landing mechanism [137].

Larger animals are more likely to slip or fail in
intersection when using mechanical adhesion because of
their greater weight, even if this effect depends on the
scale of claw sharpness. Moreover, larger animals cannot
avoid stress concentrations. This size-related decline in
clinging performance has a substantial impact on larger
animals’ attachment capability [138].

The interactions between spines or claws and
associated substrates are generally studied on 2D cross
sections [139]. Dai et al. [4] investigated the anti-sliding
forces between abrasive paper asperities and the claw tip
of Pachnoda marginata (Coleoptera, Scarabaeoidea), a
type of beetle without an adhesive pad. A planar model
demonstrating the saturated friction that could be
increased with increasing surface roughness was
proposed. When the roughness of the substrate is
substantially more than the dimension of the claw end, as
shown in Fig. 13(a) [4], the beetles can use their claws to
catch with surface structures, resulting in a stable
mechanical interlock. From the equilibrium condition, the
limiting scenario may be deduced, as follows:

F cosa+pusine  1+utana

)

where F'is the shear force along the attached substrate, u
represents friction coefficient between claw end and
attached surface, and W is the weight acting on the claw
directed normal of the attached surface. o represents the
contact angle, which can be defined as

W  sina—pucosa tana—pu

(6)

where 7, denotes the radius of the claw tip, R,s, denotes
the radius of the asperity, and /,s, denotes the depth of
the center of the asperity, as shown in Fig. 13(a) [4].
Asbeck et al. [139] built a clinging model of a single
spine, as illustrated in Fig. 13(b), and successfully
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implemented a wall climbing robot in Spinybot II. The
microspine is represented as a circle with radius 7
approaching the attachment surface in a direction close to
the vector; it slides outside the attached surface and
sweeps out a volume. The center of the tip can be tracked
to produce a traced surface. The microspine can perch
where the angle between the approach vector and the
vertical direction is greater than the critical attachment
angle Oin.

Onin = Oi0aq + arccoty, @)
where 6)0,q 1S the angle between the surface and the
direction of external force. These types of attachment
model are widely used in bioinspired climbing robot

working on rough surfaces.
4.2 Applications of mechanical adhesion in robotics

Climbing robots working on hard, rough outdoor surfaces
rarely use adhesive pads due to limitations in self-
cleaning ability and abrasion resistance, and mechanical
adhesion is the optimal approach to adhere to such
surfaces. Various rigid-flexible spine mechanisms
inspired by biological claws and microspines have been
effectively employed in climbing robots working on
rough surfaces. In grasped surfaces with complex
morphology, such as tree trunks and boulders, grippers
with microspines can achieve force closure, resulting in
stable attachment. Such attachment devices have a bright
future in ocean exploration and asteroid detection. In
addition, spines and claws can be used on the feet of
jumping robots and bipedal robots to prevent slippage
[135,140].

4.2.1 Bioinspired spine mechanisms

The spine or claw systems can be applied in the
attachment to substrates that should be sufficiently rough
to supply contact points for perching with low energy

consumption. Even a power outage will not necessarily
cause system failure if the mechanical adhesive settings

(b)
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Profile

Fig. 13 Mechanical interlock models: (a) planar model of interlock between the beetle claw and the rough surface, reproduced with
permission from Ref. [4] from Company of Biologists Ltd., and (b) planar model of interlock between the spine and the rough surface.



Kun XU et al. Review of bioinspired attachment devices and their applications in robotics 15

support it. However, such systems are slow and have
limited operability, and their payloads are smaller than
those of magnetic or pneumatic climbing robots.
Climbing robots that operate on centimeter-level
roughness surfaces are often outfitted with bioinspired
spine mechanisms on their feet, wheels, or grippers. The
two broad types of bioinspired spine mechanisms are
compliant long-flexure spine mechanisms and linearly-
constrained spine mechanisms as shown in Fig. 14
[19,141]. Compliant long-flexure spine mechanisms can
be developed through some types of additive manufac-
turing, which allows the combination of multiple
materials, as shown in Fig. 14(a) [19], or through
compliant mechanism with a single material, as shown in
Fig. 14(b) [141]. Asbeck et al. [139] investigated the
stiffness feature of this type of spine mechanism.

(a) (b)
1 cm

Fig. 14 Bioinspired spine mechanisms: (a) compliant long-flexure

Developing a spine mechanism with the desired stiffness
parameters can maintain load-sharing between spines,
increase the possibility of catching asperities by stretch-
ing in tangential, and prevent the robot from pushing off
from the wall by normal contact force. The linearly-
constrained spine mechanism design shown in Fig. 14(c)
has a higher density of stingers with independent
suspension above each spine, allowing for better
adaptation to uneven surfaces, such as rocks [142].

4.2.2 Applications in feet of legged climbing robot

To enable climbing movements, spine mechanisms can be
used in the feet of hexapod robots, such as RiSE V2 in
Fig. 15(a) [18], quadruped robots, such as claw inspired
robot (CLIBO) in Fig. 15(b) [143], and biped robots, such
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spine mechanism with two types of materials, reproduced with

permission from Ref. [19] from John Wiley and Sons, (b) compliant long-flexure spine mechanism with a single material, reproduced with

permission from Ref. [141] from Springer Nature, and (c) cross-section

of a linearly-constrained spine mechanism.
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Fig. 15 Applications of bioinspired spine mechanism in legged robots: (a) RiSE V2, its foot and toes, reproduced with permission from
Ref. [18] from John Wiley and Sons, (b) CLIBO, reproduced with permission from Ref. [143] from Elsevier, and (c) BOB 2.0, reproduced

with permission from Ref. [144] from IOP Publishing.
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as BOB 2.0 in Fig. 15(c) [144]. Spinybot II, developed by
Stanford University, is the first legged climbing robot that
can walk on outside construction surfaces (e.g., brick,
cement, and stone) using microspines. Shape deposition
manufacturing (SDM) [145] is used to fabricate the
microspine mechanism, which permits hard and soft
materials to be integrated as a single structure. Soft PU,
which provides elasticity as well as viscoelastic damping,
can allow greater extensions without failure compared
with steel springs [139]. The toes of the hexapod
climbing robot RiSE V2 are also made by SDM, as
shown in Fig. 15(a) [18], they are typical compliant long-
flexure spine mechanisms. Arrays of these toes are
combined in a foot with hierarchical compliance. The foot
is linked to the robot via a universal joint. CLIBO is a
quadruped climbing robot, and its each foot is outfitted
with 12 claws made of fishing hooks, allowing CLIBO to
cling to and climb on rough walls [143]. Some biped
climbing robots with spiny feet, such as BOB 2.0 [144]
and DynoClimber [146], can perform dynamic climbing
on rough walls. Their claw-like toes are similar to those
of RiSE [146]. Hu et al. [147] devised an inchworm-
inspired climbing robot that consists of soft body and
spiny feet. The soft robot is actuated by SMA wires and
utilizes microspine arrays to attach its feet to rough or
soft surfaces.

4.2.3 Applications in wheeled and tracked climbing robots

Microspines can be arranged on the wheel or the track
edge to enable climbing robots to complete attachment
and locomotion as shown in Fig. 16 [141,148]. On flat
surfaces, climbing robots with spiny wheels are typically
faster and more efficient than legged climbing robots with
spiny feet. Tbot, a wheeled wall climbing robot
developed by University of Science and Technology of
China, can climb hard rough surfaces, such as concrete
and brick walls, using two compliant spiny wheels and a
tail. Tbot can transit from horizontal to vertical planes
effortlessly. As illustrated in Fig. 16(a) [141], the
compliant spine mechanism is made up of a microscopic
spine and an elastic suspension that connects the
microspine to the wheel hub. The stiffness characteristic

Wheeled climbing robot with microspines

of Sericaorientalis Motschulsky inspired the spine
mechanism of Tbot. The elastic suspension is 3D printed
from PA2200 nylon. The microspines are approximately
1 mm long, with shaft diameters of 200 mm and tip
radiuses of 30-60 um [141]. JPL developed the crash-
proof robotic family, which includes seven different types
of robot weighing from 80 to 540 g. Their wheels are
made up of 10 to 40 separate rotary microspines to ensure
that at least one or two hooks catch asperities and support
the robot. The hub of these wheels is a combination of
two hardnesses of PU using the SDM process to achieve
rigid—flexible coupling. These robots can climb stairs and
rough vertical walls [149]. SpinyCrawler, a track-type
climbing robot, can generate adhesion by using a spiny
track with an opposing grasping mechanism, as shown in
Fig. 16(b) [148]. The body of the spine mechanism is 3D
printed by nylon. For attachment and disengagement, a
cam mechanism is included into the robot design without
the need of additional actuators [148].

4.2.4 Applications in robotic grippers

Although arrays of microspines can efficiently hook
asperities on rough surfaces, such as concrete walls and
trees, to provide mechanical adhesion, they struggle to
adapt to the complicated topography of surfaces, such as
rock, where they rapidly lose stability. Furthermore, when
the angle of incline is greater than 90°, generating
sufficient normal adhesion can be difficult. Many spiny
gripers, inspired by birds and lizards, have been designed
to generate force closure and provide greater adhesion by
combining grasping and hooking such as examples in
Fig. 17 [19,132,150-152]. As shown in Fig. 17(a) [19],
JPL developed a robotic gripper with spiny fingers; it is
used in LEMUR, a family of rock-climbing robots
designed to investigate severe terrain on Mars or
asteroids. Its microspines resemble those of RiSE V2.
Each gripper contains around 250 microspines that are
uniformly distributed throughout 16 carriages. The
carriages can move freely and conform to centimeter-
level roughness due to elastic components. A linear motor
for engagement and three other linear motors for
disengagement linked to carriages by cables are available.

Tracked climbing robot with microspines
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Fig. 16 Applications of bioinspired spine mechanism in wheeled and tracked climbing robots: (a) Tbot, reproduced with permission
from Ref. [141] from Springer Nature, and (b) SpinyCrawler, reproduced with permission from Ref. [148] from Springer Nature.
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Fig. 17 Application of mechanical adhesion in robotic grippers: (a) LEMUR IIB and its gripper, reproduced with permission from Ref.
[19] from John Wiley and Sons, (b) JPL-Nautilus gripper, reproduced with permission from Ref. [150] from John Wiley and Sons,
(c) pneumatic gripper with claws, reproduced with permission from Ref. [151] from Springer Nature, (d) soft spiny gripper, reproduced
with permission from Ref. [152] from IOP Publishing, and (e) Treebot, reproduced with permission from Ref. [132] from John Wiley and

Sons.

On vesicular basalt, the gripper can withstand 281.4 N
tangent force and 189.5 N normal force with a weight of
1.05 kg [19]. LEMUR 3 can scale cliff sides using its
microspine grippers [25,153]. However, because the
attachment and disengagement processes are extremely
complex, the climbing speed of LEMUR 3 is very slow.
Furthermore, reports showed a 5% possibility of
disengagement failure [19]. In the future, this type of
gripper can also be used for asteroid and ocean sampling
[19,150]. As shown in Fig. 17(b) [150], the JPL-Nautilus
gripper is an underactuated spiny gripper with 16 fingers
made up of four bar linkage microspines and a tendon
driving system. It can generate 450 N by anchoring rocks
and grasp objects ranging in size from 10 to 30 cm
underwater. Princeton University developed a spiny
gripper for grasping rock faces in preparation for future
asteroid exploration. The gripper consists of four fingers
with two phalanxes, two servo-motors that drive two
phalanxes separately, a cable driving system, compliant
components, and 120 microspines produced by SDM
[154]. Tohoku University developed a rock climbing

robot equipping a passive spiny gripper, which is inspired
by the digital tendon locking mechanism of Chiroptera
[155]. The gripper uses a suspension gripping mechanism
that can passively and adaptively grasp minor
irregularities of rough surfaces without consuming
energy. The engagement power is generated by the
weight of the robot and passive springs. Its improved
version, HubRobo, can complete semiautonomous
climbing in a simulated rock climbing environment [156].

Aside from these climbing robots, several attachment
devices for climbing robots have been developed. An
opposed spiny gripper, developed by Stanford University,
enables a quadrotor to perch on vertical and inverted
rough walls [157]. It has a higher rigidity and
accommodates more spines per unit area than standard
spiny robotic toes. The two microspines arrays slide
relative to each other on rails separated by a hard stop on
the outside of the microspines. Then, the tendon-actuated
spring pulls the two sets of microspines inward to
complete the attachment when the gripper touches the
surface. Stanford University developed a robotic palm
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equipped with linearly-constrained spine mechanism
[158]. For load-sharing between phalanges, each phalanx
is configured with a linearly-constrained spine mecha-
nism operated by cable tendons and sliding within linear
guides. The gripper, which was inspired by human rock
climbing techniques, can perform various gripping
motions, such as pinch grasps or adhering to a structure’s
border with its fingernails [158]. Stanford University has
also developed a manipulator consisting of spiny palm
consisting of pneumatic spine array fingers and a particle-
jamming pad. The particle-jamming pad can provide
compliance to make more spines contact with the
irregular surface. With pneumatic force, the microspines
can be easily pushed away from the surface and
prevented from getting stuck in the slide by small
particles. A whiffle tree differential transmission is used
for load sharing [159]. Xu et al. [151] developed a four-
finger gripper for climbing robots that can stretch and
grasp while being powered by an external vehicle-borne
pump, as shown in Fig. 17(c). Using the effective stroke
of an air cylinder, it can grip the micro-protuberances on
a tough wall [151,160]. Guangdong University of
Technology developed a soft gripper, as shown in
Fig. 17(d) [152], with six claws distributed symmetrically
and driven by a shared SMA spring, as well as an elastic
composite main body. It adapts well to a wide range of
grasping objects and rough surfaces. The claws on both
sides of the gripper can generate an effective grasping
through forming closure or force closure in different
situations [152].

Some climbing robots, such as 3DCLIMBER [161] and
Climbot [162], are designed to work on artificial
cylindrical structures, such as pipelines, by utilizing
grippers. On the contrary, they can hardly adapt to the
uneven and intricate natural cylindrical structures such as
trees. The Chinese University of Hong Kong’s Treebot is
the first tree-climbing robot capable of moving up from a
tree trunk to a branch with various textures [132,163].
Treebot consists of a continuous maneuvering body and a
pair of spiny grippers that can attach to various tree
trunks and branches, as shown in Fig. 17(e) [132]. Each
claw is made up of two phalanges with a surgical suture
needle tip. It employs a two-link mechanism driven by a
linear motor to produce the optimal contact force
direction. The testing findings suggest that the gripper
can withstand 40 N of draw force, which is more than six
times the robot’s total weight.

5 Sub-ambient pressure adhesion

Some fish and mollusks can use suckers (e.g., octopus
suckers, remora suckers, and -clingfish suckers) to
generate sub-ambient pressure for attachment [110].
Biological suckers generally have better performance of
sealing on fouled or irregular attached surfaces than

artificial suction cups. The excellent performance of
biological suckers can be attributed to two factors:
(1) Their structures and actuators are tightly coupled to
produce negative pressure via muscle contraction. Little
energy is consumed to maintain the sub-ambient pressure
because of the unique structures of their internal chamber.
(i1) The biological suckers have some special microstruc-
tures that can improve their adaptation and produce other
adhesion effects, such as wet adhesion and mechanical
adhesion, to enhance adhesion and sealing.

5.1 Biological suckers

The octopus, with its flexible, redundantly driven
tentacles and highly adaptable suckers, is a suitable
representation and emblem of soft robot [3,164]. Octopus
suckers can adhere to substrates with various features
under water, including rough and smooth surfaces, and
they can maintain attachment for an extended period of
time while using little muscle energy [164-166]. The
amazing function of the octopus sucker is primarily due
to its pliable tissues and unusual internal structure [167].
Figure 18(a) [166] illustrates the morphology of an
octopus sucker, which has spoke-like grooves, ridges, and
a circle of loose tissue on its edge. This structure allows it
to adapt to the varying shapes of attached surfaces by
expanding and contracting without losing contact to
maintain a seal [166]. Figures 18(b) and 18(c) [168]
depict the five stages of the octopus sucker’s attachment
process. The suction cups alter the internal volume by
contracting the muscles depicted by the small black
arrows, causing a pressure difference between the inside
and outside. When all muscles stop contracting, the
elastic force (white arrow) is offset by the water’s
cohesive force (grey arrow). Adhesions, as indicated by
the black arrows, impose on the interface between the
acetabular roof and wall. Adhesions can be maintained
with little energy expenditure [168].

Remoras belonging to Echeneidae can easily attach and
detach to hosts (e.g., marine animals and ships) with a
wide range of roughness using a sucker evolved from the
dorsal fin [12,169,170]. As shown in Fig. 19 [12], the
unique sucker is formed by integumentary structures and
the musculoskeletal system, which includes a sofft,
flexible disc lip and lamellae with a spinule array
arranged in the internal disc. The pectinated bony
lamellae can change orientation to help hundreds of
microspines on the lamellae engage with asperities. This
structure can improve its shear payload capacity
[12,170-172]. The erector muscles of the lamellae can
generate a sub-ambient pressure differential. With muscle
contraction, the internal water volume of the adhesive
disc increases, and suction is formed [173]. When the
remora detaches from the host, the soft and flexible disc
lip curls upward away from the substrate from anterior to
posterior of the disc [174].
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The northern clingfish (Gobiesox maeandricus) can
generate adhesion of 80 to 230 times its body weight on

smooth, contaminative, rugose, or irregular surfaces with
a wide range of roughness [175,176]. Figure 20 [176]
shows its hierarchical suction disc. The strengthened seal
and the composite structure are the key to the northern
clingfish’s robust adhesion on rough surfaces [177]. On
the macroscale, the displacement of the water within
clingfish disc can generate sub-ambient pressure to
produce adhesion. On the microscale, the microvilli that
covered the sucker can conform rough surfaces and
maintain a seal during adhesion [22]. Although the
clingfish microvilli are similar to those of geckos and
arthropods, two evident differences are as follows: (i) The
clingfish generates adhesion under water, and (ii) the
microvilli around the suction disc lack spatula tips,
thereby promoting apical compliance and are crucial for
van der Waals force formation [22].

Furthermore, the rock-climbing fish (Beaufortia
kweichowensis) can crawl on slippery, fouled surfaces
using two anisotropic suckers alternately [178]. The
suckermouth catfish has evolved some distinctive



20 Front. Mech. Eng. 2022, 17(3): 43

Fig. 20 Hierarchical structures from macroscale to microscale of clingfish sucker (Gobiesox maeandricus), reproduced with permission
from Ref. [176] from The Royal Society, (a) clingfish and its sucker, (b) SEM of the ventral surface of the sucker, (c) SEM of a papilla,
consisting of many rods subdivided apically into fibrils, and (d) SEM of the fibrils on the tips of the rod.

characteristics, such as bony armor, a ventral
suckermouth, ventrally tilted lower jaws, and muscle
configurations that increase jaw mobility [179]. Around
the suckermouth, papillae covered with microvilli can
increase friction forces [180].

Although some differences are observed among these
suckers in morphologies and structures, some similar
mechanisms, such as using microstructures to enhance
sealing and generating sub-ambient pressure by muscular
contraction, can be found in them. Significantly, the
microscopic structures, such as spinules, papillae, and
microvilli, covering the attachment organs play a key role
in maintaining the sub-ambient pressure by promoting the
resistance of shear force and sealing.

5.2 Bioinspired suckers

Many artificial suckers are developed with biomimetic
structures by taking inspiration from animals as shown in
Fig. 21 [12,22,181-184]. Some of them are designed with
smart actuators that mimic muscle contractions to
generate sub-ambient pressure. Inspired by the octopus,
Istituto Italiano di Tecnologia developed an artificial
sucker using data of 3D reconstruction of the natural
sucker [167] and dielectric elastomer actuators (DEAs)
[181]. This sucker is similar in size and adhesion
mechanism to a proximal sucker of the octopus; it is
composed of an actuation unit held by a plexiglass frame
and a silicone-fabricated artificial infundibulum. When
the actuator is turned on, the upper film is deformed as
shown in Fig.21(a) [181]. Then, it can generate a
decrease in water pressure within the artificial
infundibulum. It can generate up to 6 kPa of maximum
pressure underwater within 300 ms. Shanghai Jiao Tong
University developed two compact suction cup prototypes

inspired by octopus and driven by SMA [182]. A two-
way shape memory effect extension TiNi spring is
employed to mimic the piston structure in stalked suction
cup. However, the sub-ambient pressure cannot be
eliminated automatically due to lack of recovery force
and friction between inner cylinder and sealing ring. The
modified version in Fig. 21(b) [182], which avoids the
above disadvantage, is driven by a bias unidirectional
SMA actuator. Its basic structure is composed of a stiff
margin, a guiding element, a leader, and an elastic
element. Tang et al. [185] developed a pneumatic-
actuated soft adhesive disc that could work on land and in
water and was used in an inchworm-like climbing robot.
It is made up of extremely soft bilayer structures with an
embedded spiral pneumatic channel resting on top of a
cavity-filled base layer. When the spiral pneumatic
channel is inflated, the deformation can generate negative
pressure [185]. Sholl et al. [186] developed a suction cup
with DEA to generate suction inspired by squid and
octopus. A Dragon Skin 10 inner core, a VHB 4905 and
carbon grease rolled DEA, a Dragon Skin 10 skin, and
electrode lead to pressure generation tests comprising the
artificial sucker. When activated, the DEA applies
electrostatic stress to the end effector’s walls, causing
pressure to drop in its water-filled cavity. It does not
necessitate net fluid flux out of the sucker, allowing rapid
attachment and release. Wang et al. [183] developed a
magnetically actuated octopus-inspired sucker consisting
of an upper layer packed with magnetic particles and a
cavity in lower layer, as shown in Fig. 21(c). When a
magnetic field is supplied to it, the upper component can
deform and affect the pressure of the lower layer.
Mazzolai et al. [184] developed a bionic tentacle, which
is driven by three cables and has three types of bionic
suction cups shown in Fig. 21(d), to imitate the octopus
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and (f) clingfish-inspired sucker, reproduced with permission from Ref. [22] from IOP Publishing.

tentacles. The suction cups are hemispherical in shape,
with a flexible stalk at the top that resembles a spherical
joint, thereby increasing surface adaptability. The bionic
tentacle can attach and grip a wide range of objects in air,
water, and oil by winding, adsorption, and external
support. Xie et al. [187] incorporated an octopus-like
sucker on the surface of the conical soft pneumatic
gripper. The conical gripper, as opposed to the columnar
gripper, can better adapt to the surfaces of the grasped
objects.

Some suction cups are designed to mimic the
morphologies and microstructures of animal suction cups.
Wang et al. [12] developed a remora-like multimaterial
suction disc, as shown in Fig. 21(e). The main disc
structure is made by 3D printing to achieve stiffness
spanning three orders of magnitude. Carbon fiber is used
to make the bionic spinules using laser machining
techniques. Electrostatic flocking is used to embed
vertically oriented nylon fibers into the soft silicone
matrix in the disc, which is inspired by the tissue of the
remora disc [187]. When the disc is twisted, the stiff
spinules and soft material covering on the lamellae can

engage with the surface, increasing the shearing load
capability [12,174].

Ditsche and Summers [177] developed a bionic suction
cup that mimics the material properties of the
rigid—flexible coupling of the clingfish sucker and the
microstructure of its outer edge. This design can increase
friction, delay failure, and allow the sucker to adhere to
rough surfaces. A bioinspired suction disc developed by
Sandova et al. [22] is lined with microscopic silicone
pillars that mimic the fibrils on the papillae of the
clingfish disc shown in Fig. 21(f) to improve sealing
performance. This suction disc adheres and seals better
than ordinary artificial suction cups on rough surfaces
[22].

6 Summary and discussion

This section provides a summary of bioinspired
attachment device design methods, with a focus on the
design and control of climbing robots using bioinspired
attachment, as shown in Fig.22. The difficulties
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encountered and perspectives in the application of
bioinspired attachments in robotics are also discussed.

6.1 Bioinspired adhesion devices

The appropriate adhesive method should be to select
based on the usage scenario. If the attached surface is flat
and in air, then suction cups should be used, and bionic
microstructure can improve their performance. Bioin-
spired dry adhesives can be used for adhesion on smooth
or non-airy surfaces. Mechanical adhesion is suitable for
use on surfaces with millimeter- or centimeter-level
roughness. Magnet adhesion is preferred for attachment
on ferromagnetic surfaces. Wet adhesion is a technique
for attaching to wet, slippery surfaces. Bioinspired
suction cups can generate negative pressure through
internal deformation and can thus be used to attach to flat
surfaces underwater or in the air.

According to the above survey on bioinspired
attachment devices, we can propose the following
universal design methods:

(1) Load-sharing [159,188]. The overall load is distrib-
uted into as many adhesive units as possible to avoid part
overload or attachment system failure. Load-sharing
attachment systems can also reduce internal stress
between different components. It can be accomplished
through flexible deformation of adhesive units, or through
the use of mechanisms, such as movable pulleys and
seesaw mechanisms to connect different parts of adhesive
units for load-sharing.

(2) Rigid—flexible coupling and hierarchical compli-
ance [19,80,188]. The attachment system should be
configured with multilevel compliance to conform to the
surface shape and to increase contact area. Biological
attachment devices are made up of flexible and rigid
components, such as muscles, tendons, and skins, as well
as skeletons and keratinous structures. When structures
with very different stiffnesses are combined, stress
concentrations emerge at the interface, thereby causing

fracture or failure [17]. Rigid—flexible coupling design
and additive manufacturing, such as SDM and
multimaterial 3D printing are used to effectively combine
soft materials with hard structural components.

(3) Directional adhesion [17]. Adhesive systems should
generate appropriate adhesion with robust attachment and
easy detachment; thus, attachment and detachment in a
specific route is an option. The motion planning and
locomotion mechanism design of robots should be
matched with the asymmetric features of adhesive pads
for easy attachment and detachment. For microspines, the
optimal approach vector to contact with the rough surface
should be used so that spine tips can easily interlock with
asperities and depart from the surface with minimal
disturbance. It is typically obtained through theoretical
simulations and experiments.

Furthermore, wrench workspaces of attachment devices
should be calculated and described to optimize their
design and select the best grasping method for each task.

6.2 Focus on bionic climbing robot

6.2.1 Adhesive system and configuration

Dry adhesion, wet adhesion, and mechanical adhesion,
which are exploited by climbing animals to attach, are
naturally suitable for applications in climbing robots.
Although many types of artificial wet adhesives are
developed in recent years [120,189,190], only few
applications on robotics are reported [104,125]. The
automatic mucus secretion devices and controllable
adhesion methods are difficult to achieve at present; thus,
wet adhesion is hardly applied in robot. Bioinspired
suction cups are more suitable for static attachment in the
gripper of robots and autonomous underwater vehicles
(AUVs) than for dynamic climbing. Some robots use
claws and adhesive pads to adapt to more surfaces
[100,135,191], similar to the way insects attach [134].
Some robots can also change attachment devices for
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attaching to surfaces with different characteristics
[25,192].

According to Tables 1 [24,53—55,80—83,85,86,90—92,
193] and 2 [18,19,25,132,139,141,143,144,146—149,194,
195], the majority of climbing robots in use is lightweight
and small because the active area of their attachment
devices cannot keep up with the weight growth as the
robot grows [105]. Moreover, large attachment devices
are more prone to undergo stress concentrations, which
can lead to attachment failure [196]. Climbing robots that
use wheels or tracks to move would perform better in
terms of body length per second moved (BL). Robots
with more complex movement mechanisms can better
adapt to changes in terrain, but their climbing speed
suffers as a result.

Toes on wheeled climbing robots always use adhesive
pads or microspines for attachment and movement. They
are required to support the body weight of the robot to
maintain continuous contact between the toes and the
attached surface. Each toe should be flexible sufficiently
to adjust to the terrain and return to a neutral posture.
Climbing robots with wheels and tracks frequently have a
tail or an active waist to provide preload to avoid
overturn.

To assure stability, most legged climbing robots use

Table 1 Typical climbing robots with dry adhesives
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static gaits, which require at least three feet in stance. The
limbs and feet of the legged climbing robots are always
constructed with a multilevel compliant system and some
passive DOFs to adapt to the attached surface. Some
unique planar linkage mechanisms are applied in the
bioinspired climbing robots to generate a suitable foot
trajectory to simplify the leg structure and minimize the
weight of the robot. Four-bar linkage mechanism is
frequently employed to the legs of climbing robots
[18,81,197,198]. However, reducing the number of DOFs
reduces the robot’s flexibility and terrain adaptability.
These robots can usually only climb on flat surfaces by
specific gaits. Climbing robots, whether in body or limbs,
have not yet reached the compliance and agility of
climbing animals. The addition of a preloaded tail can
help the climbing robot balance the turning moment [92].
If the turning moment caused by gravity and normal
forces can be balanced by limbs, then a tail is unnecessary
[143].

6.2.2 Actuators and sensors

Many researchers employ servo motors as joint actuators
of climbing robots. The servo is a type of modular robotic

Reference Weight/g Size/mm Cl;gl(})ls?l‘% fzrclgle (Iflifzq/l) BL/s Configuration Attachment device
Geckobot [82] 100.0 L =190.00, 85°and acrylic surface 10.00 0.053  Four legs driven by linkage, Gecko-like PDMS adhesive
W=110.00 six motors and an active tail pad driven by tendons
Stickybot [24] 370.0 L =600.00, 90° and glass, tile, 40.00 0.067 A flexible body, four legs, 12 Gecko-like PU anisotropic
W =200.00, acrylic, polished motors, and a passive tail adhesive pads driven by
H=60.00 granite tendons
CLASH [85] 19.0 L=100.00 75°and acrylic surface 100.00  1.000 Six legs, a motor, and a RCM ankle and a wedge-
scaled smart composite shape PDMS adhesive pad
microstructure constructed
body
Abigaille I1 [86] 260.0 D =90.00 90° and PMMA 1.00 0.011  Six legs with three active =~ MSAMS PDMS adhesive
DOFs pads
Abigaille-I1I [80] 634.6 L =200.00, 90° and PMMA 0.44 0.002 Six legs with four active MSAMS PDMS adhesive
W =1210.00, DOFs pads
H=90.00
AnyClimb II [81] 138.0 L =140.00, 90° and acrylic surface 12.50 0.089 Eight legs, a steering Vytaflex-10 flat adhesive
W =120.00, mechanism with a motor and pads
H=49.00 two bevel gears, and a
passive tail
UNIclimb [83] 363.0 L =1230.00, 180° and glass 14.00 0.061  Four legs with three active ~ Multilayered footpad with
W =200.00, DOFs MSAMS adhesives and SiO;-
H=55.00 F hydrophobic coating
Gecko robot_7 [55] 700.0 L =400.00, 180° and glass surface  1.70 0.004  Four legs with three active Feet with four MSAMS PVS
W =260.00, OF's adhesive pads driven by
H=280.00 tendon
Gecko-like robot [193] 1980.0 L =440.00, 90° and glass and 6.00 0.014  Four legs with three active PVS MSAMS adhesive pad
W =260.00 Teflon DOFs
Waalbot 11 [90] 85.0 L =95.60 180° and glass, 50.00 0.523  Two whegs, two motors, a  Whegs with three MSAMS
acrylic, and wood passive joint in the pivot,and ~ PU adhesive pads and
two passive tails passively peeling ankles
Mini-Whegs [54] 21.8 L=47.00 180° and glass 85.00 1.805 Two whegs, a single motor, Whegs with four MSAMS
and a passive tail PVS adhesive pads
Orion [91] 71.5 L=59.04, 180° and acrylic 30.00 0.508 Two whegs, a single motor, Whegs with bilayer adhesive
H=134.90 surface and a passive tail pads made by PDMS and 3M
VHB tape
Tankbot [92] 115.0 L=190.00 180° and wooden 120.00  0.632 Two tracks, a motor, and an Vytaflex-10 adhesive tracks
door, glass active tail
TBCP-1I [53] 240.0 L=215.00, 90°and PMMA, glass  34.00 0.158  Four actuated tracks and an ~ MSAMS adhesive tracks
W =200.00 and painted steel active waist made by PDMS

Notes: L, body length; H, body height; W, body width; PMMA, Polymethyl methacrylate.
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Table 2 Typical climbing robots with microspines

Reference Weight/g  Size/mm Climbing angle Spe.et(j/l BL/s Configuration feature Attachment device
and surface (mm-s~1)
Spinybot II [139] 400 N/A 90° and rough wall 23.00  0.053 Six legs, seven servo motors, Toe with spine mechanism
and a passive tail fabricated by SDM
RiSE V2 [18] 3800 L =600 90° and rough wall 40.00 0.067 Six legs with two active DOFs  Toe with spine mechanism
and an active tail fabricated by SDM
ROCR [194] 550 L =460 90° and rough wall 157.00 0340 A pendulum-like tail and a Steel claws
main body with two claws
CLIBO [143] 2000 L=750  90° and rough wall 60.00  0.080  Four legs with four DOFs Toes with steel claws
DynoClimber [146] 2600 L =400, 90°and textile wall 670.00 1.675  Two four-bar linkage arms  Toes with spine mechanism
w=116, driven by a motor fabricated by SDM
H="10
BOB 2.0 [144] 300 Length of  90° and textile wall 250.00 1.250 Two arms, a motor, and a Toes with spine mechanism
leg: 200 passive tail fabricated by SDM
BOBCAT [195] 5000 L=600  90° and textile wall 170.00  0.283  Four five-bar legs with two ~ Toes with spine mechanism
active DOFs fabricated by SDM
Wall climbing robot [194] 400 L =480, 90° and board 46.00  0.096 A body and four four-bar legs  Flexible rubber pads with
W =240, with two active DOFs claws
H=30
Soft climbing robot [147] 37 L=120, 90° and rough wall 2.00 0.017 An SMA driven body and two PDMS feet with steel
W=124, spiny feet microspines
H=42
SpinyCrawler [148] 208 L =242, 180° and rough wall 18.00  0.074 A spiny track driven by a Spiny tracks
W=124, motor and two compliant tails
H=42
Tbot [141] 60 L=120, 100° and rough wall ~ 100.00 0.833 Two wheels, a motor, and a Spiny wheels printed by nylon
w=110 passive tail
TriDROP [149] 394 L=470, 90° and rough wall 300.00 0.638  Three wheels and an active ~ Spiny wheels made by SDM
W =220, waist
H=100
Treebot [132] 600 L =325, 105° and tree trunk 300.00  0.004 Two spiny grippers and  Passive spiny gripper with four
w=175, continuum body fingers
H=135
LEMUR IIB [19] N/A N/A 105° and rock N/A N/A Four legs with active three  Spiny grippers with 16 fingers
DOFs and four DC motors
LEMUR 3 [25] 35000 N/A N/A and cliff face 0.04 N/A  Four legs with seven active  Spiny grippers with 16 fingers
DOFs and four DC motors
Free-climbing robot [132] 1600 W =1600, 90° and artificial rock 2.83 1.805  Four legs with three active  Passive spiny gripper with six
H=130 face with 1/3 gravity DOFs fingers and a motor for

detaching

Notes: N/A, not available; L, body length; H, body height; W7, body width.

joint that can be easily assembled. It generally consists of
a direct current (DC) motor, reducer with a high reduction
ratio, a driver, sensors, shells, and some other
components. In general, it can satisfy the climbing robot’s
dynamic performance and real-time communication
requirements. However, most servos can only be used in
the position mode, and the torque mode is difficult to use.
Based on the designs of multilegged robots, quasi-direct
drive (QDD) joints and serial elastic actuators (SEAs),
which can be precisely modeled and controlled for output
torque, have prospective applications in the field of
bioinspired climbing robots.

Distance sensors, force sensors, and inertial measure-
ment units (IMUs) are often employed in climbing robots.
Ultrasonic and IR sensors are common distance sensors
used in bioinspired climbing robots that can enable the
robots to acquire distance feedback from the attached
surfaces and information of environments [53,80]. Force
sensors provide feedback to robots during touchdown and
can be used to adjust the adhesion force [24].
Alternatively, the robot can calculate the output force
directly from the motor torque [143]. IMU can provide
robots with orientation and velocity feedback to estimate
their states [156]. Vision sensors and LiDAR are less

prevalent due to the small size and the limited onboard
computing capacity of most bioinspired climbing robots.
The lack of vision limits the observation and decision-
making abilities of robots; therefore, these robots are
generally poor in automation and adaptation to
environmental changes.

6.2.3 Control strategies

Most current control algorithms of climbing robots are
based on kinematics models, owing to their low
movement rates, quasi-static states, and dynamic
performance. Furthermore, the transmission ratios of
actuators utilized in most climbing robots are very high;
thus, simulating nonlinear parts in dynamics, such as
viscous friction, is challenging. On the contrary, the lack
of joint torque regulation, hinders the climbing robot
from executing dynamic animal-like climbing and from
modulating the required attachment force of each foot. By
observing the climbing motion of a cockroach, Goldman
et al. [199] established a dynamic climbing model, which
adds springs and linear actuators between the robot’s
center of mass and attachment point. It is similar to the
spring-loaded inverted pendulum model of multilegged
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robots [200] and has been applied to some robots for
dynamic climbing motion control (e.g., BOB 2.0 [144],
Dyno-Climber [146]). Stickybot achieves contact force
modulation by modeling the limbs with spring damping
and collecting force feedback with force sensors. Such
models neglect the mass of the limbs and are hence
inapplicable to many mechanisms of climbing robots. The
whole-body control (WBC) [201] may be applied to
climbing robot in the future. Virtual model control
(VMC) or hybrid position and force control can be used
to regulate the desired support reaction force of the body.
Central pattern generator (CPG) can also be used in the
gait generation of climbing robots [202]. CPG usually
generates movements of individual joints by simulating
the spinal nerve signals of animals and modulates these
movements through reflexes.

6.3 Challenges and perspectives

As a highly interdisciplinary field, bioinspired attachment
technologies have considerable potentials but also have
some challenges. In previous sections, the limitations of
current studies for each type of bioinspired attachment
method were discussed. Some challenges for bioinspired
attachment applications in robots are as follows:

(i) Contrary to animals, no hardware structures come
close to the level of integration of sensing, actuation, and
energy supply found in living organisms. Muscle-like
actuators with contraction and transformation functions,
such as SMA and DEA, lack robustness, efficiency, and
energy and power density [203].

(i1) As robots venture beyond the laboratory, models of
real-world, unstructured environments will be required,
but none can adequately represent our complex and ever-
changing world. The interaction between the climbing
robot and the environment, in particular, is a time-varying
system with a highly nonlinear and strong coupling
dynamic model.

(iii) Robots have greater gap than animals in flexibility
due to lack of sufficient active joints. Robots require high
compliance to adapt to the surface to which they are
attached, but at the same time, they require high stiffness
to achieve high positional accuracy. This finding may
seem very contradictory, but its essence is because
control and sensing systems of robots cannot match with
the powerful neural systems of living beings.

(iv) Attachment devices have a short lifespan nowa-
days, limiting their use in robotics. In the future, novel
designs and manufacturing techniques of multifunctional
materials should be used in attachment devices to
improve material strength, stiffness, flexibility, fracture
toughness, wear resistance, and energy absorption.

Bioinspired attachment technologies can be widely
used in the robotics field in the future. Space capture
devices can be equipped with dry adhesive grippers as
their end effectors to catch space debris; they are more

effective than the present space capture devices.
Reversible wet adhesive pads have the potential to be
applied in wearable devices, climbing robots, AUVs, and
drug delivery facilities [110]. Bioinspired suckers can
provide solutions for AUVs to hitchhike [12,204],
collecting specimens underwater [186], robot end-
effectors, and climbing robot attachment devices.
Mechanical adhesive devices can be used not only in
climbing robots, but also in other mobile robots (e.g.,
jumping robot [135], biped robot [205]), and drilling
equipment [19].

7 Conclusions

For living in various and complex environments, many
organisms have evolved unique organs for excellent
functions, such as adhesion, climbing, and predation.
These natural outcomes are based on multiple attachment
mechanisms from nanoscale to macroscale. Herein, we
divide the reversible biological attachment methods
exploited into four categories: dry adhesion, wet
adhesion, mechanical adhesion, and sub-ambient pressure
adhesion. Biological attachment methods are explained in
terms of their corresponding morphologies, mechanism of
adhesion, and models of adhesion. The characteristics,
mechanical structures, design ideas, and fabrication
methods of typical bioinspired attachment devices of each
attachment type are introduced. Furthermore, the
limitations and challenges of the current bioinspired
adhesive research are discussed. The application
situations and design principles of the bioinspired
attachment methods are summarized. The climbing robots
that use adhesives and mechanical adhesion are reviewed,
including their configurations, performance, and mecha-
nical designs.

Nomenclature

Abbreviations

AR
AUV

Aspect ratio
Autonomous underwater vehicle

BL Body length per second moved

CPG Central pattern generator
DC Direct current

DEA Dielectric elastomer actuator
DOF Degree of freedom

MU Inertial measurement unit

IR Infrared ray

JPL Jet Propulsion Laboratory

MSAMS Mushroom-shaped adhesive microstructure
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PDMS  Polydimethylsiloxane

PMMA Polymethyl methacrylate

PS Polystyrene

PU Polyurethane

PUA Polyurethane acrylate

PVS Polyvinyl siloxane

QDD Quasi-direct drive

RCM  Remote center-of-motion

SDM Shape deposition manufacturing

SEA Serial elastic actuator

SMA Shape memory alloy

VMC  Virtual model control

WBC  Whole-body control

Variables

A Hamaker constant

d Normalized separation in the multiple wet adhesion model
D Separation distance between the two surfaces

f Normalized total force in the multiple wet adhesion model
F Shear force along the attached substrate in Fig. 13(a)

F, Force per area between two planar surfaces in van der Waals

force model

Feap Capillarity force

Fhya Hydrodynamic force

F, Multiple wet adhesion

h Height of the liquid film

Rasp Depth of the center of the asperity as shown in Fig. 13(a)
n Number of small drops

rs Radius of the microspine

Ttip Radius of the claw tip

R Radius of the contact unit in wet adhesion model

Rasp Radius of the asperity in Fig. 13(a)

K Scale factor in the multiple wet adhesion model

t Separating time of the two surfaces in wet adhesion model

14 Volume of one large liquid droplet

w Weight acting on the claw directed normal of the attached surface
@ Angle as shown in Fig. 13(a)

01, 6, Contact angles of the liquid film with contact unit and the surface

respectively in Fig. 8

Oroad Angle between the surface and the direction of external force
Ormin Critical attachment angle between the attached surface and the
claw
y Surface tension
Liquid viscosity
i Friction coefficient between claw end and attached surface
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