
Abstract— In the case of Wall Climbing Robot (WCR) 

design, nature has always been one of the biggest inspirations. 

While WCR designs have been incorporating adhesion 

techniques inspired by organisms, including reptiles, insects, 

amphibians and marine invertebrates, most efforts have been 

focusing mainly on adhesion for dry surfaces. For WCRs to 

become widely applicable under all environments, given the 

vast areas of this planet described by high precipitation, the 

ability to scale vertical surfaces in wet conditions should be 

considered a design necessity. To this goal, this article focuses 

on the most commonly adopted adhesion mechanisms, while 

providing an overview on recent WCR technological advances 

through the prism of wet adhesion. An extensive outlook is also 

detailed, including promising research directions yet to be 

trialed in bio-inspirations and recent material developments, 

which could further bridge the gap between WCR design and 

wet adhesion towards all-environment climbing robots. 

I. INTRODUCTION 

Contemporary designs for wall climbing robots (WCRs) 
have sought inspiration from nature. Taking ques therefrom 
has helped to advance the understanding of adhesion to walls, 
and consequently, expedite development progress. Numerous 
and yet disparate organisms including reptiles, insects, 
amphibians and marine invertebrates, can climb in surfaces of 
different orientations.  

The ‘gold standard’ approach for bio-inspired wall 
climbing robots is mimicking geckos. They are considered 
proficient climbers [1] because they can scale walls and 
ceilings of varying surface roughness, at speeds of over 1 m/s 
[2]; theoretically generate enough adhesion forces to support 
1000 times their weight [3]; all with a reliable and rapid 
mechanism of attaching and detaching to surfaces [2]. 
Moreover, unlike other organisms the gecko does not rely on 
the secretion of chemicals to achieve said tasks [4], nor is 
dependent on mechanical adhesion [5]. Such remarkable 
attributes are made possible by the spatial hierarchical 
arrangement found on their feet [6], as well as the material of 
which they are made of: β-keratin [7]. Needless to say, the 
gecko has inspired a plethora of robotic designs, of which 
recent publications can be consulted [7], [8].  

However, the majority of gecko-inspired robotic designs 
have neglected one interesting attribute of geckos, which is 
their ability to climb on wet surfaces [9], as well as efficiently 
adapting to humidity [10]. This lack of technological 
advances in robot adhesion methods for wet environments is 
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(a) (b) 
Fig. 1. (a) Gecko: A well-known bio-inspirer, with the proficient ability to 
attach on surfaces (initially attributed to van der Waals or capillary forces, 
with their overlooked electrostatic origin recently analyzed [14], [15]). 
Image Credit: Skitterphoto, (b) Stickybot: A well-known bio-inspired WCR, 
mimicking the gecko adhesion method [16]. 

evident from recent surveys related to WCRs [11], [12], 
mentioning mainly robots for inspection applications 
operating in dry environments and controlled conditions. This 
technological gap precludes operations of the majority of 
these robots in countries that experience intense and frequent 
precipitation [13]. Therefore, for WCRs to become widely 
applicable under all environments, the ability to scale surfaces 
in wet conditions should be considered a design necessity. 

The aim and the contribution of this article is to provide 
an overview on the recent progress made by wet WCRs, 
defined as those that can climb on a wet surface, or maneuver 
underwater. The survey will highlight the most common 
adhesion mechanisms adopted by nature, which have been 
inspiring researchers on the development of bio-mimetic 
robots. An outlook on the promise of research directions yet 
to be trialed will also be provided, giving an insight on other 
bio-inspirations and the recent advances in material science.  

The rest of the article is structured as follows. A brief 
overview of the adhesion mechanisms utilized by different 
organisms is presented in Section II, while in Section III a 
closer view is given on the species known to be able to adhere 
in wet environments. This is followed by Section IV reporting 
the recent progresses made in WCR designs with wet 
adhesion capabilities, with Section V detailing recent material 
developments that have the potential to be utilized in future 
wet adhesion technologies for WCR design. Finally, 
concluding remarks are provided in Section VI.   

II. ADHESION MECHANISMS

Mechanisms of adhesion can be either, or a combination 
of, dry and wet adhesion, while both have been adopted by 
biological organisms. The most commonly adopted 
mechanisms are described herein. 
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A. Mechanical Adhesion 

The mechanical theory states adhesive penetrate into the 
pores and other surface irregularities of the adherent, and 
form an interlocking mechanism that holds the two surfaces 
together [17]. This adhesion method has been recently seen in 
cases of WCRs equipped with claw and pad formations [18], 
for climbing of dry rough surfaces [19] described by frictional 
anisotropy [20]. 

B. Dispersive Adhesion 

In dispersive adhesion, two materials are held together by 
van der Waals (VDW) forces: the attraction between two 
polarized molecules. Polarity is achieved in a molecule 
wherein regions thereof possess both small positive and 
negative charges in respect to the average charge density of 
the molecule. VDW forces are the weakest of the 
intermolecular forces, yet ubiquitously found [21], hence, a 
material capable of exploiting these forces may adhere to 
nearly any natural surface. However, due to their inherent 
weakness, a vast number of simultaneous interactions are 
needed in order to generate a significant adhering force, as 
well as a small distance between the two interacting forces 
[22]. Factors affecting the strength of adhesion include 
chemical composition, such as molecule polarity, size and the 
bonding between molecules; and wetting (i.e. the 
thermodynamic compatibility between two surfaces).[23].  

C. Electrostatic Adhesion 

This form of adhesion is generated between two surfaces 
subjected to an electrical field or in cases of contact 
separation leading to charge transfer and development of an 
electrical field [15]. Electrostatic and dispersive adhesion 
have a close connection due to their interaction when 
describing forces between particles and substrates. This has 
only been recently utilized in biomimetic robotics and WCRs 
in dry environment evaluation cases [24], [25], with its full 
potential in biomimetic robotics still under investigation. 

D. Capillary Force Adhesion 

Adhesion can be mediated by the presence of a wetting 
fluid, in which the thickness, viscosity, surface tension and 
contact angle govern the adhesion mechanism [26]. When in 
contact with a liquid film, a liquid bridge develops between 
the contacting surfaces, while the capillary forces are the 
results of the surface tension of the fluid [27]. 

III. WET ENVIRONMENT BIO-INSPIRERS 

This Section presents selected organisms that can attach 
and move on surfaces under wet environments (Fig. 3), while 
providing a closer look on the biological details of their 
adhesion mechanisms. 

A. Newts 

Newts, which are semiaquatic amphibians, display unique 
attachment and climbing abilities in wet environments. The 
Chinese Fire Belly Newt was demonstrated to climb on glass, 
PMMA and stainless steel, under different roughness and wet 
conditions, by adjusting the detachment angle to each surface, 
roughness and wet condition [28]. The adhesive ability was 
revealed to be higher on surface with little water, than water-
free or plenty of water environments. This is because the 
effect of capillary forces influence adhesion, principally by 

the volume of the meniscus formed between the liquid layer 
and nano-pillars [29]. 

A dissimilar microstructure to that of the hierarchal 
structure observed in gecko was evinced (Fig. 4). The toe pad 
of the newt consists of polygonal epithelial cells, which are 
comparable to that of tree frogs [4], with a diameter of ca. 20 
– 30 μm, and delineated by a network of narrow grooves. 
Thereon the nano-pillars can be found, with diameters ca. 100 
– 300 nm. The grooves are believed to aid in draining of 
excess water during locomotion, thereby increasing the close 
contact to the climbing surface [29].  

B. Aquatic Beetles 

Water beetles are another group of insects that have 
developed setae and spatula for adhesion. In most males, 
adhesion is required for mating, whereby the male attaches to 
a female as the latter is swimming rapidly and erratically [30]. 
Thus, unlike the gecko, a requisite of aquatic beetles is 
adhesion to a non-stationary substrate; and hence is required 
to accommodate both the weight of the insect and the drag 
forces during swimming. In the Dytiscus alaskanus, the setae 
can be found on the forelegs, and were discovered to have a 
diameter ranging from 50 to 940 μm.  
 

C. Echinoderms 

Attachment by echinoderms to substratum and locomotion 
rely on adhesive secretions allowing the animal to stick to, or 
to manipulate the surface of a substratum. In post-
metamorphic echinoderms, these adhesives produced by 
specialised organs, called the podia or tube feet. Said 
protuberance offer temporary adhesion, which can adhere 
strongly to substratum, but easily detachable.  

The tenacity (i.e. adhesion force per unit area) of a single 
tube foot, when measured on a glass substrate, ranges from 59 
kPa for the Arbacia lixula, to 290 kPa for the Paracentrotus 
lividus. On polymeric surfaces, the P. lividus values are 140 
kPa for polypropylene and 340 kPa for polymethyl 
methacrylate. This is because the feet are highly compliant, 
yielding a high surface contact area between feet and surface, 
thereby resulting in a higher adhesion force [31]–[33] .  

 The tube feet of the P.lividus, is approximately 4.3 mm 
in diameter, with a height of 22 mm [34]. They consist of a 
protruding cylinder, called the stem, that apex into a levelled 
disc that comes into contact with the substratum. Two 
methods have been theorised as to how the discs achieve 
adhesion to a rough surface, of which both entail the secretion 
of mucus [31]. One theory suggests that the disc remains flat 
and the secretants fill in the voids; whereas another suggests 
the disc conforms to the asperities of the surface, and a thin , 
even layer of secretants is produced; irrespective, the voids 
are filled thereby achieving a high contact area.  

The adhesives are secreted through glands located on the 
epidermis of the discs, which release secretants that first 
adhere to the surface, and then chemicals that allow for de-
adherence when required [33]. The secretants are composed 
of proteins, lipids, carbohydrates, and predominantly 
inorganic compounds; the protein moiety contained 
significant amounts of both charged and uncharged polar 
residues [31]. The de-adhesive secretion is believed to be 
composed of catalytic enzymes that lyse the bonds formed 
between the disc and mucus [35]. The reversible attachment 



 

  
 

 

method used by the echinoderms is referred to as duo-gland 
adhesion system.  
 

 

Fig. 4. Scanning electron microscopy images of (a) newt (Image Credit: 
[29], wildlifeobserver.co.uk), and (b) gecko microstructure [36]. The images 
highlight the difference between the two organisms' microstructure, albeit 
both capable of adhering to vertical surfaces. 

 

IV. RECENT WCRS WITH WET ADHESION CAPABILITIES 

In this Section, the most recent developments on WCRs 
designed for wet adhesion are presented in detail (Fig. 5). The 
utilized techniques and fabrication methods are highlighted to 
the goal of identifying the trends, challenges and overall 
potential of such approaches. 

A. Amphibious Climbing Soft Robot (ACSR) 

Tang et al. (2018) fabricated a soft robot using a silicon-
based elastomer that adhered on different dry surfaces, and 
also on both wet acrylic and lubricated acrylic [37]. Using 
their novel pneumatic actuation method, referred to as 
doming-induced pressure difference, the authors were able to 
achieve locomotive speeds of 4.8 mm/sec, and maximum 
shear adhesion forces between 4-8 N; both parameters could 
be easily controlled by adjusting the pneumatic pressure to the 
actuator.  The authors went further and successfully 
demonstrated that their robot could climb both horizontal and 
vertical glass surfaces under water, whilst carrying a load of 
120 and 200 g, respectively; which are over three and five 
times the robots body weight, respectively.  They revealed 
that the maximum shear adhesion force increased to ~10.62 N 
and stipulated that the water generated a larger pneumatic 
difference between substrate and actuator, and thereby 

resulted in a firmer attachment. However, it is worth noting 
that the adhesive surface was pre-treated to adhere onto the 
glass surface under water, by simply flattening the surface 
and thereby prevented air leaking from the cavity of the 
adhesion actuators, which was observed in the as-casted 
actuator. 

Tang et al. (2018) have made an important achievement 
with their ACSR and demonstrated that a hierarchal 
microstructure with arrayed nanopillars may not be needed to 
achieve adhesion onto vertical surfaces. However, hierarchal 
micro-features confer functions other than the ability to 
adhere to surfaces, such as self-cleaning, effective energy 
dissipation mechanisms for mitigating crack propagation, and 
attaining high pull-off force at low pre-loads [7]; which 
increase the longevity of the adhering material. Hence, it will 
be interesting to compare the longevity of the ACSR adhering 
surface to that of robots who were inspired by the gecko. 

B. Hexapod 

He et al. (2014) [38] fabricated a climbing robot with 
biomimetic wet adhesive pads. The pads were composed from 
thermoplastic elastomer (TPE) and shaped using a molding 
technique. The elastic modulus of TPE was 40-60 kPa, 
hydrophilic and easily damped, which made it suitable for wet 
adhesion studies. The researchers went further and mimicked 
the microstructure of stick insects, and incorporated grooves 
composed from PDMS, and glued to the TPE pads. The 
“micro-grooves” had a width and depth of 15 and 10 μm, 
respectively. Adhesion tests performed on wet surfaces (using 
water to form a liquid film) on pads both with and without the 
micro-grooves revealed the former led to an increase in wet 
adhesive force.  

Overall, the Hexapod was able to achieve climbing speeds 
of 3.5 mm/s at an inclined slope of 30°; was demonstrated to 
climb on wet surfaces up to a slope of 80 °; and an increase in 
climbing speed when the climbing surface was coated with 
liquids possessing higher viscosities. In the case of the latter, 
the authors proposed that an increase in surface viscosity 
minimized “slip phases”, and thereby effectively leading to a 
more stable climb. This is in agreement with prediction 
models that illustrate the proportional relationship between 
the wet adhesive forces and viscosity [39].  

C. WallWalker 

The WallWalker is a suction cup-based robot that exploits 
liquids to enhance the sealing performance between the cup 
and climbing substrate. The robot, composed of PTFE-
covered suction cups, has speeds of 80 and 140 mm/s when 

(a)

(b)

     
Fig. 1. Bio-inspiring organisms in wet environments: (left) Newt. Image Credit: Connor Long, (middle) Aquatic Beetle. Image Credit: Sebastian-
thinglink, (right) Echinoderm - Starfish, Image Credit: Starfish.ch. 



 

  
 

 

ascending and descending vertical surfaces, respectively [40]. 
However, such speeds were achieved on smooth surfaces, 
with rough surfaces known to be a weakness of vacuum-
based robots, as the voids therein result in air leakage, and 
thus a loss in suction. To address this issue, Miyake et al. 
(2007) proposed to exploit thin-film liquid surfaces to fill-in 
the voids and thereby achieving a tight seal. Similar to the 
study performed on the Hexapod, Miyake et al. discovered 
that the adhesion was affected by the film’s viscosity [41]. 

D. Other Bio-Inspired Robots for Wet Adhesion 

Inspired by the gecko’s water repellent skin, Ko et al. 
(2017) developed a universal robot that targeted locomotion 
in both land and underwater environments. Their design, 
called the UNIclimb, is a quadruped robot for universal 
climbing on surfaces in any orientation [42]. The salient 
feature was the use of a hydrophobic coating (fluorosilane-
functionalised silica nanoparticles), and therefore provided 
superior water repellency. PDMS was again used as the 
adhesive layer, with mushroom-shaped micropillars of ~20 
μm in height, ~20 μm stem diameter and ~25 μm apex 
diameter. With their approach, the researchers demonstrated 
that the UNIclimb robot could scale both walls and ceilings, 
an evaluation restricted to flat surfaces, with speeds of ~1.4 
and ~1 mm/s, respectively, and can manoeuvre when 
submerged underwater. 

Sadeghi et al. (2012) were motivated by the tube feet of 
Sea Urchins, and developed an adhesive that utilizes suckers 
[43]. The suctions were composed of silicone rubber to 

imitate the flexible nature of the tube feet, and, as a further 
bio-inspiration, the researchers coated the interfacial 
membrane with a gelatin lubricant, to mimic the natural 
mucus assistance utilised by echinoderms. Their results 
revealed a remarkable increase in pulling force when the 
mucus was added, at all but one pulling speed: at a pulling 
speed of 1 mm/min, an increase of 66.38% and 232% were 
observed for sucker types made from Dragon Skin® and 
Ecoflex™, respectively.  

Recently, Bell et al. (2018) built two adhesion robots, 
CircleBot and PlanarBot, which were inspired by the tube 
feets [44]. The similarities include a morphology, which is 
tubular-shaped, dimensions in the order of millimetre and 
bistable: where the adhesive structure can be deformed, and 
remain so for a period of time, before recovering to its 
original state [45]. Movement was achieved through 
pneumatic actuation, and the researchers incorporated small 
permanent neodymium magnets that provided reversible 
adhesion to ferromagnetic surface. For the Circlebot, the 
robot had a total of twelve tube feet, of which a maximum of 
four were in simultaneous contact with a surface. 
Experimental results revealed the Circlebot attained a velocity 
of 3.2 mm/sec, and able to scale surfaces with a maximum 
inclination of 15°. The researchers surmised that a design 
incorporating larger, stronger magnets would allow for wall 
climbing (i.e 90°). Regarding the hydraulic Planarbot, a 
locomotion speed of 1.14 mm/sec was achieved.  

 
Fig. 3. Images depicting the: (a.1) ACSR and (a.2) detail of its ahdesion surface made from a silicon-based elastomer [37], (b.1) Hexapod and (b.2) 
detail of the biomimetic pad made from thermoplastic elastomer [38], (c.1) WallWakler front and (c.2) bottom view [40],  (d.1) Sea Urchin-inspired soft 
arrayed sucker and (d.2) single sucker prototype [43], (e.1) Circlebot and (e.2) details of the embedded magnets during normal and angular pull-off 
actions [44], (f.1) UNIclimb and (f.2) detail of the multilayered foot structure of the robot [42]. 
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V. OUTLOOK ON BIO-INSPIRATIONS AND ADHESION 

MATERIALS 

This Section deals with the promising research directions 
yet to be trialed from a bio-inspiration and material 
perspective. Detailed information will be provided on 
organisms capable of inspiring new WCR designs, while 
detailing the advances made in material science and 
engineering, which could lead to a significant progress on the 
development of all-environment WCRs. 

A. Bio-Inspirations 

The elucidation of organisms' climbing mechanisms has 
helped to inspire new designs toward climbing vertical planes. 
Thus, one would expect investigations of other organisms 
(Fig. 6) would result in further developments. For example, 
the wings of the cicada consist of conical-shaped nano-pillars 
[46], which Xie et al. (2018) revealed to be structured in a 
gradient manner (i.e. the density of the nanopillars varies 
between regions of the wing in a controlled manner) [47]. 
Such gradient orientation has not been considered in robotic 
designs, and yet can impart self-cleaning, antibacterial and 
anti-fogging properties. Of interest would be organisms that 
climb in harsher environments, particularly snow and ice, 
such as the other newt species, Chionea or Capniidae. Such 
developments will allow robots to perform their duty in 
various environments, and thereby not excluding countries 
that are susceptible to, for example, snow and ice.  

 

       
Fig. 6. Outlook on porential bio-inspirations: (left) Cicada. Image Credit: 
Pexels, (middle) Chionea. Image Credit: Hubert Polacek, (right) Capniidae. 
Image Credit: Robert. G. Henricks. 

B. Materials 

Elastomers remain the most frequently used material for 
fabricating wet climbing robots, which is evidence of their 
versatility, and ease of fabrication [48], due to their flexibility 
in modelling gecko and newt feet morphology [29]. In the 
case of the latter, it was demonstrated that PDMS exhibited a 
higher pull-off force in wet environment than in dry, due to 
the added influence of capillary adhesion. Thus, PDMS is a 
viable option for both dry- and wet-environment 
investigations, and that newt-inspired designs can be 
capitalized on to enhance adhesion.  

3DP is the state-of-the-art fabrication technique. Its 
popularity arises from their numerous advantages, which 
include rapid prototyping, excellent spatial resolution, and 
integrable with tomography scanners [49]. For example, 
Röhrig et al. (2012) were able to fabricate nano-scale array 
structures, with a material possessing an elastic modulus 
closer to that of the gecko setae [50]. A maximum pull-off 
force of ~0.12 μN was obtained at a preload of ~6.75 μN.   

PDMS can be fabricated by 3DP technology, with sub-
micron features [51]. The integrable facet of 3DP allows the 
technology to be combined, for example, with nano-computed 

tomography (NCT), a high resolution imaging technique with 
resolutions in the nano-region [52]. Using NCT, 3D imaging 
of the gecko setae can be obtained, transferred to a 3DP, and 
printed thereafter for an accurate reflection of setae 
morphology.  

Other elastomers that have been 3D printed include 
dielectric elastomers, which could be used as controlled 
actuators [53]. Elastomers can also be composited with 
keratin for closer biomimicry. A patent for producing keratin 
elastomer was recently granted [54]. Alternatively, the use of 
keratin itself can be explored, with recent work demonstrating 
aligned, submicron keratin fibers fabricated via 
electrospinning [55]; the next step for this approach would be 
to replicate the mechanical properties of keratin. 

Another contemporary apsproach in material science and 
engineering is the incorporation of nano-particles [56]. Herein 
nano-particles have only been mentioned to help impart a 
hydrophobic coating for underwater usage (Section IV.D). 
Silver nano-particles (Ag NP) could be used to improve the 
antibacterial properties of PDMS with micron-sized fibrils 
[57]. Furthermore, the same study revealed that the 
incorporation of Ag NP embedded onto the surface of PDMS 
enhanced the adhesive strength by an order of a magnitude; 
by improving the interaction between the substrate and the 
PDMS composite.  

In addition to enhancing the properties of the adhering 
material, nano-particles have been demonstrated to improve 
the actuation strain of dielectric elastomers [58], as well as 
forming reversible large-actuation strain electroactive 
polymers [59]. One consideration of the incorporation of 
silver nanoparticles is their effect on the thermal properties of 
PDMS, as a 2 wt% addition of Ag NP has been found to 
reduce the glass transition temperature of a PDMS-based 
elastomer, from 191 to 177 °C [60]. Such temperatures are 
seldom encountered; however, if adhesion is required at 
extreme temperatures, then mushroom-like micropillar arrays 
of PDMS can be composited with ≤ 2 wt% multiwalled 
carbon nanotubes, which displayed enhanced adhesion 
stability at temperatures of up to 350 °C [61]. 

Fibrillar array structures can be combined with 
electrostatic adhesives, which not only extends the range of 
substrate material and roughness to which adhesion can be 
formed, but can also enhance the adhesion [62]. An 
electroadhesive pad comprises of conductive electrodes 
embedded on the surface of silicone dielectric elastomers. 
Additional advantages of electrostatic adhesion include low 
power consumption, operable on wet surfaces and 
environmentally friendly [24].  

Moreover, in a wet environment, electrowetting could be 
utilized to break, and thereby, penetrate the water surface to 
form a direct contact with the solid surface [63]. Furthermore, 
an electrostatic element can be incorporated to provide self-
cleaning capabilities to elastomer adhesives [64]. 
Electroadhesion remains unexplored in wet climbing robots, 
albeit previously explored in both gripping [65] and soft 
robots [66].  

Dielectric elastomers constitute a subgroup of electro-
active polymers (EAP), which are gaining prominence as 
actuators. EAP are capable of generating actuation strains 
over 300%, which are considerably greater than other smart 
materials [67]. They have recently been used to obtain 
controllable actuation in dry adhesion simulation tests [68], 



 

  
 

 

but are workable in wet environments [69]. Therefore, there is 
potential to control both adhesion and actuation using EAP. 
Such control using electrical means high precision, 
environmentally friendly, low noise, as well as the possibility 
to incorporate sensing capabilities as some of the EAP used in 
the afore-cited work are able to convert mechanical strain to 
electrical signals [70]. Furthermore, EAP can be 3D printed 
for customizable shapes [71], and have been done so for 
actuating a soft robot [72]. 

Hydrogels are another class of polymers that have been 
fabricated into fibrils with a diameter of 100 nm, and 
demonstrated to adhere underwater [73]. Their advantages 
include simple fabrication for adhesion onto various surfaces 
[74], and fabricated from naturally-derived, renewable 
polysaccharides therewithal electro-responsive [75].  

VI. CONCLUSIONS 

The gecko appears to be the main ‘gold standard’ of bio-
mimicry. Wet-adhering animals are increasingly becoming a 
source of inspiration, with recent robot developments 
demonstrating the feasibility for maneuvering underwater; 
with examples thereof producing robots with different 
advantages and disadvantages. Further elucidation of the 
adhering mechanisms of the aforementioned animals, as well 
as others that are relatively under-studied (e.g. gradient 
arrayed nanopillars), may further progress the field of Wall-
Climbing Robotics (WCRs).  

In terms of synthetic replication, researchers have a large 
number of tools at their disposal, ranging from traditional to 
state-of-the-art fabrication tools; as well as the use both non-
functional and functional materials. Unequivocally, a cross-
disciplinary approach will be needed, including material and 
electrical engineers, to effectively synthesize, control and 
mimic natural climbing modes, with the goal of developing 
all-environment and all-terrain WCRs.  
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