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A novel adhesive pad for a climbing robot, inspired by a stick insect’s smooth pad, is proposed. The micro structure pattern and 
inclined fiber of a stick insect’s pad are mimicked, and an adhesion force is produced based on its wet adhesion mechanism. 
Firstly, the wet adhesion model is discussed and the pad is designed; secondly, the adhesion characteristics, adhesion direction 
dependence and adaptability are analyzed; finally, the proposed pad is fabricated using a thermoplastic elastomer, which is a hy-
drophilic and viscoelastic material. Experimental results show that the adhesion performance of the pad is good, and normal adhe-
sion and friction can reach to 0.65 N and 3 N. Furthermore, the adhesion of the pad is direction dependent and self-adaptive. 
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Surface adhesion is one of the most critical problems for a 
climbing robot. In general, vacuum, magnetic, viscous and 
mechanical interlocking adhesion methods are used as ad-
hesion mechanisms for climbing machines. These adhesion 
mechanisms have their various advantages. For example, 
vacuum and viscous adhesion methods are strong while 
mechanical interlocking adhesion is suitable for rough sur-
faces [1]. However, disadvantages limit their applications. 
For example, vacuum adhesion is unavailable in a vacuum 
environment, viscous adhesion will fail to stick to the sur-
face after initial success and magnetic adhesion can only be 
used on specific metal surfaces. However, geckos, crickets, 
ants and beetles have strong climbing ability regardless of 
the roughness of the contact surface. Their adhesive pads 
have evolved over millions of years. Consequently the de-
sign of an adhesive pad for a climbing robot based on insect 
techniques has considerable merit. 

In recent times, wet adhesion mechanisms of animals 
have received much scientific attention, and many important 
outcomes have been achieved. Preliminary results show that  
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the dry adhesion force comes mainly from van der Waals 
force, whereas the wet adhesion force comes mainly from 
surface tension or a capillary force [2– 4]. At the same time, 
biomimetic adhesive pads with good adhesion and direction 
dependence have been developed based on etching, me-
chanical microscopic fabrication or carbon nanotube growth 
technologies [5–11]. However, most of these biomimetic 
pads were fabricated using a material with a high elastic 
modulus, and they generally require considerable pressure 
(or preloading) to achieve effective contact. The adhesion is 
not self-adaptive to the load and the pad is not self-cleaning, 
so their applications are limited. 

So far, almost all the biomimetic adhesive pads proposed 
have been based on dry adhesion mechanisms, inspired by 
the gecko setae. Wet adhesion insects (e.g. the stick insect) 
have soft and smooth pads which can mold to the shape of a 
surface, and are able stick to different kinds of smooth and 
rough surfaces. However, little research has been reported 
on this type of biomimetic material. A wet adhesion pad, 
fabricated using silicone, was proposed in our previous 
work and applied to the newly developed wheel-leg climb-
ing robot [12]. This wet adhesion mechanism proved to be 
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effective for the wall climbing robot. However, a weakness 
in the pad and lack of direction dependence limited the ap-
plication, and large preloading or pressure was needed to 
produce effective adhesion. This paper proposes a novel wet 
adhesion inspired biomimetic pad with direction depend-
ence and adaptability, and its properties are studied both 
theoretically and experimentally.  

1  Wet adhesion mechanism 

Pads (Figure 1(a),(b)) of insects, like ants and stick insects, 
can generate adhesion forces several times their own weight 
[13,14]. The smooth pad secretions form a thin layer of liquid 
film between the pad and contact surface (the thickness of the 
film is smaller than several microns) which can produce ad-
hesion forces when this type of insect climbs up walls, as 
shown in Figure 1(c) and (d) [4,15]. Most researchers believe 
the wet adhesion force comes from surface tension and capil-
lary forces rather than viscous forces [15]. 

(i) Adhesion model.  The wet adhesion model proposed 
by Federle et al. is shown in Figure 2 [4]. A liquid film (or 
liquid bridge) is formed between the pad and the contact 
surface to produce the wet adhesion force. According to the 
model, the liquid volume is constant, so when the pad is 
pulled or squeezed, the liquid bridge will shrink or expand 
rapidly. Supposing that R is the radius of the pad, and θ1 
and θ2 are the contact angles. For the adhesion force which 
comes from surface tension and capillary forces, the total 
normal adhesion force (vertical to the contact surface) Fwet 
can be written as [16] 

 2
wet wet wet 1π 2π cos ,F r p r γ θ= − Δ +  (1) 

where rwet is the radius of contact area (i.e. effective contact 
area), γ is the coefficient of surface tension of secretion, and 
ΔP is the pressure difference between the inside and the 
outside of the secretion. 

(ii) Friction model.  For the model shown in Figure 2, 
we assume that the pad is sliding on the surface. Static fric-
tion coming from viscous force should be very small; while 
the dynamic friction (Ffr) comes from the shear stress, 
which can be written as [4] 

 
2

fr ,rF v
h

ηπ
=  (2) 

where v is the moving velocity of the pad, h is the height of 

the thin secretion bridge, and η is the viscosity of the secre-
tion which is dependent on the properties of secretion and h. 
When h<10 nm, the friction will be very large. 

Eqs. (1) and (2) and results from [4,15,17], show that 
normal adhesion and friction are proportional to the contact 
area, and inversely proportional to the thickness of the se-
cretion film. Additionally, the friction is proportional to the 
shear rate of secretion. This gives the basic principles for 
the design of a biomimetic pad. 

2  Pad design 

For improving adhesion performance, most biomimetic 
pads are fabricated by a material with a high elastic mod-
ulus such as carbon nanotubes, which generally require a 
large pressure (or preloading) to achieve effective contact. 
This makes it difficult to stick to rough surfaces and limits 
their applications. However, a wet adhesion based biomi-
metic pad can be fabricated using a low young’s modulus, 
and a highly viscoelastic material, and the pad only requires 
a thin liquid film with a thickness of several microns to ob-
tain good adhesive performance. In addition, the fabrication 
method is much simpler than that for biomimetic setae. 

The proposed biomimetic pad is based on the stick in-
sect. It has the same appearance as the stick insect’s smooth 
pad, which contains a semi-elliptic contact surface and in-
clined fibers (Figure 3). 

(i) The semi-elliptic surface of the pad consists of three 
parts: the far end, bottom and near end (Figure 3(b)). The 
far end is 1.5−4 mm thick and stiff, and is used for support-
ing the main preloading produced by the robot, while the 
pad is in contact with a surface (such as a vertical wall). The 
shear stress here is high. The bottom is thin (1.5 mm) and 
soft, so it can make good contact with the rough surface. 
When approaching a surface, the bottom is the first part of 
the pad that comes into contact. The near end is also very 
thin (1.5 mm) and soft, it may or may not touch the surface 
depending on the preloading. 

(ii) There are special micro-structures (patterns) distrib-
uted on the surface of the insect’s pad (Figure 1(b)), which 
can help with secretion and increase the adhesion forces 
[16,17]. Thus, a special square pattern is designed for the 
proposed pad (Figure 4). The sides of the square are 200 
μm, and the width and depth of the grooves between  

 

Figure 1  Smooth pad and secretion of insects. (a) Smooth pad; (b) pattern of the pad; (c) footprint of pad; (d) secretion. 
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Figure 2  Liquid bridge model of wet adhesion [4]. 

 

Figure 3  Biomimetic pad. (a) 3D view of the pad; (b) lateral view of the 
pad. 

squares are 100 and 300 μm, respectively (Figure 4(b)). 
According to the experimental results and the adhesive tape 
peeling theory [16], the best adhesion performance is ob-
tained when the squares are placed at an oblique angle of 45°. 

(iii) Inside the smooth pad of an animal there are 
branched topological micro-structures [18], and those close 
to the surface are very thin, which make the pad softer and 
easier to achieve contact with the surface. However, the 
branched structures are too complex to mimic in biomimetic 
pads using the current technology. Thus, the fiber design of 
the pad is simplified in this paper: fiber chips are adopted 
instead of branched fibers, and those far from the contact 
surface or near the back are 3 mm thick, and close to the 
contact surface are 1.5 mm thick. 

(iv) The fibers are inclined at 30°−60° (Figure 3(b)) and 
the fiber chips all point from the body of the robot to the 
rear. The closer to the rear, the stiffer the fiber chip, and the 

greater the friction. The closer to the body, the softer the 
fiber chip and the more flexible the pad, the greater the 
normal adhesion. Moreover, the inclined fiber chips mean 
the adhesion of the pad depends on direction, so the robot 
can control the adhesion effectively. When the pad slides 
towards the robot’s body, adhesion will increase rapidly, 
and when it slides away, adhesion will decrease rapidly. 

3  Theoretical analysis of the pad 

3.1  Contribution of the surface pattern to adhesion 

(i) Positive effects of the surface pattern on normal adhe-
sion.  The proposed pad can be simplified as a disk (which 
is in full contact with the surface) where rwet is the radius 
and h is the thickness of the thin liquid film. For a pad 
without a patterned surface, the normal adhesion force 
(Fwet) can be calculated by eq. (1); for a pad with a pat-
terned surface (Figure 4), the whole contact area is 
sub-divided into n contact blocks, each with a radius of 

wetr n . Thus, the total normal adhesion force (Fa) of the 

contact area can be calculated by eq. (3): 

 

2
wet wet

a 1

2
wet wet 1

2π cos

π 2 cos , (3)

r rF n p
n n

r P n r

γ θ

γ θ

⎛ ⎞⎛ ⎞ ⎛ ⎞= −π Δ +⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠

= − Δ + π

 

where Fa is much larger than Fwet in eq. (3). We found that 
the capillary force component does not change compared 
with eq. (1); however, the surface tension component is 

n  times larger. 
(ii) Positive effects of the surface pattern on parallel ad-

hesion.  Parts of the pad make contact with the wall directly 
and produce friction component f. The pattern on the surface 
helps increase the friction force (Figure 5). In this case the 
total parallel adhesion (Fp) can be calculated by eq. (4): 

 
 

 

Figure 4  Design of the surface of the pad. (a) Pattern of the surface (mm); 
(b) lateral view of the pattern of the pad (mm). 

 

Figure 5  Pad with pattern in contact with the wall. 
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p rc
π ,r vF f F N

h
ημ= + = +  (4) 

here, μ is friction coefficient, N is the preload of the pad, 
and Frc is the shear force of the liquid film. 

(iii) Positive effects of the surface pattern on secretion. 
Efficient adhesion can only happen when the thickness of 
the thin secretion film between the pad and the wall is less 
than several microns. The secretion procedure should finish 
in a very short time if the insect or robot tries to climb fast, 
but the secretion process becomes progressively more dif-
ficult as the secretion film becomes thinner. We consider 
two parallel pans which are immersed in a liquid with vis-
cosity η2, where Rpan is the radius, and F is the pressure 
force between the two pans. The expected time (tR) for the 
distance between the two pans to decrease from h2 to h1 [19] 
can be calculated as 

 
4

2 pan
2 2
1 2

3 1 1 .
4R

R
t

F h h
η ⎛ ⎞π

= ⋅ ⋅ −⎜ ⎟
⎝ ⎠

 (5) 

According to eq. (5), tR becomes longer as the secretion 
film becomes thinner. However, the secretion process 
would be easier if there was a pattern on the surface of the 
pan. We assume the contact area of the pan is subdivided 
into n contact blocks, and rpan is the radius of each contact 

block. When pan panr R n< , the expected secretion time 

would be n times shorter than for the pad without a pattern. 

3.2  Simulation of the direction dependence of a  
biomimetic pad 

Direction dependence occurs if the adhesion forces are dif-
ferent when sliding the pad in different directions, which is 
a very important factor for the ability of insects or animals 
to stick and unstick to surfaces. There have been some 
biomimetic setae with direction dependence reported; how-
ever, there have been no reports on a smooth biomimetic 
pad based on wet adhesion. The inclined fiber chips can 
make the proposed biomimetic pad exhibit the direction  

dependence of adhesion. 
To verify the direction dependence of the pad, ANSYS 

finite element analysis software, was used to simulate the 
deformation and the dynamics while the pad is sliding on 
the contact surface. The solid element, No.92, was used in 
the simulation. The material’s elastic modulus is 50 kPa, 
and its Poisson’s Ratio is 0.33. The deformation results of 
the simulation are illustrated in Figures 6 and 7. 

The initial conditions are 50 mN of preload vertical to 
the pad and 200 mN of pulling force pointing towards the 
robot body (Figure 6). The deformation and the distribution 
of stress are illustrated in Figure 6(a) and 6(b) respectively. 
The results show that the angles between the fiber chips and 
contact surface decrease and the contact area of the near end 
increases when pulling the pad towards the robot body, so 
the adhesion forces will increase accordingly. We can see 
from Figure 6(b) that the highest stress happens at the sup-
porting point of the pad, which means that the pad would 
not easily be peeled off from this point, and the friction here 
is the highest. We also find that the largest deformation 
happens at the near end of the pad; however the stress here 
is quite small. Consequently, this part is very soft and a small 
preload would lead to efficient contact with the surface. 

An initial condition of 200 mN of pushing force pointing 
to the far end is shown in Figure 7. The deformation and the 
distribution of stress are illustrated in Figure 7(a) and 7(b) 
respectively. The deformation results show that the angle 
between the fiber chips and contact surface is augmented 
and the contact area of the near end decreases rapidly when 
pushing the pad away, so the adhesion will also decrease 
rapidly. We also find that the largest deformation happens at 
the near end, however, the stress here is quite small. Con-
sequently, this part is very soft, so the pad can be very eas-
ily peeled off (Figure 7(a)). Figure 7(b) shows that the stress 
of the supporting point is also very high during the peeling 
off process. 

In conclusion, the pad exhibits the direction dependence 
of adhesion. 

 

 

Figure 6  Deformation (a) and dynamics (b) of the pad when pulling on the surface. 
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Figure 7  Deformation (a) and dynamics (b) of the pad when pushing on the contact surface. 

3.3  Self-adaptability mechanism of adhesion 

The adaptability not only means that the soft pad can adhere 
to a vertical surface with varied roughness, but also that the 
adhesion will increase or decrease due to different loads 
(parallel to the contact surface) on the robot. If the pad does 
not peel off after the load increases, then the bionic fiber 
chips will be bent. The pad is modeled as an elastomer, 
whose spring constant is K, where the preload (vertical to 
the contact surface) is proportional to the load (parallel to 
the contact surface) when the increased load is small, and 
the scale is p (which is a constant here). Then the decreased 
thickness (Δx) of the pad due to the increased load can be 
calculated as 

 a ,pWx
K

Δ =  (6) 

where Wa is the increased load. For a climbing robot, the 
decreased thickness of the pad equals the decreased distance 
between the climbing surface and the center of gravity of 
the robot [12]. Thus, the normal adhesion needed by the 
robot will not change as fast as the load, which means that 
the pad is self-adaptive to the load. 

The near end of the pad can be simplified as a plane 
(Figure 3(b)). Here, b is the width, and the angle between 
the near end and the back of the pad is α. Then the contact 
area (S) can be calculated as 

 0 ,
sin
b xS S
α

Δ
= +  (7) 

where S and S0 refer to the current contact area, and the ini-
tial contact area (before the fiber chips bent (prior to load-
ing)), respectively. 

Our results and those of other researchers show that the 
wet adhesion force (Fwet) is proportional to the increased 
effective contact area. Suppose μ is the proportional coeffi-
cient between them, then 

 wet 0.
sin

b xF S Sμμ μ
α
Δ

= = +  (8) 

Considering eq. (6), eq. (8) can be written as 

 a
wet 0.

sin
bpWF S

K
μ

μ
α

= +  (9) 

As is shown in eq. (9), Fwet will increase adaptively with 
increasing Wa. However, the relationship between K and Wa 
is a nonlinear coupling. Therefore, the relationship between 
Fwet and Wa is also nonlinear. To simplify the model, K can 
be considered the mean value of each fiber chip’s spring 
constant (Ki), which is 

 
1

/ .
N

i
i

K K n
=

=∑  (10) 

Here n is the total number of fiber chips. Ki can be obtained 
in a similar way to the calculation of the spring constant of 
the setae in [11]. 

In conclusion, the distance between the center of gravity 
of the robot and wall surface will decrease, and the contact 
area of the pad will increase with increasing load, hence the 
pad is self-adaptive to the load. 

4  Experimental results and analysis 

4.1  Methods 

The biomimetic pad was fabricated from a thermoplastic 
elastomer (TPE, CHAOLONG Plastics Co., LTD, Dong 
Guan City) using a mold casting method. The TPE’s melt-
ing point was 180°−220°, the Young’s modulus was about 
40−60 kPa and the hardness was between 0 and 20. The 
material is thermoplastic, viscoelastic and hydrophilic, and 
is easily damped in a non-sealed environment. The proper-
ties of the TPE are similar to those of the insect’s pad. The 
pad shown in Figure 8, is 10 mm high, 24 mm wide and 36 
mm long. The area of the bottom surface is about 240 mm2. 

To validate the performance of the proposed pad, the ad-
hesion/friction forces of the biomimetic pad were tested 
with different preloads, with/without a thin liquid (water) 
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Figure 8  Biomimetic pad made of TPE. 

 

Figure 9  Adhesion force measurement device. 

film and with different sliding directions. The measurement 
device is shown in Figure 9 and consists of a micro-force 
sensor (NS-YB04D, Shanghai TM Automation Instruments 
Co. Ltd, Shanghai) which is bending beam-based, a CCD 
camera (A602f, Basler Vision Technologies), a computer 
and other components. The maximum resolution of the mi-
cro-force sensor is 1 mN. The resolution of CCD is 800 × 
600. The speed of data acquisition is 100 f/s. When meas-
uring the friction, we placed the pad fully in contact with 
the sensor’s glass and slide the pad on the glass at a speed 
of 0.01 m/s. The sensor collected the micro-force data, 
while the CCD recorded the contact area in real time. When 
measuring the normal adhesion force, the pad approached 
the glass vertically at a velocity of 0.01 m/s, while the adhe-
sion force and contact area data were collected in real time. 

4.2  Results and analysis 

(i) Experiments for verifying the wet adhesion mechanism. 
As the TPE is a high hydrophilic material, with 50% or less 
relative humidity, it resulted initially in droplets covering 
the surface, so it was difficult to compare between dry and 
wet adhesion of the TPE. Here we simply measured and 
compared the adhesion when sliding the pad on the glass 
surface both with and without a thin water film wiped on 
the surface. 

The adhesion performance of the pad has been shown to 
be low when the water film is thick [12], thus after wiping 
the water on the surface, we waited for about 2 minutes to 
make sure the water film was very thin (about 10 µm thick), 
before we started to measure the adhesion and friction 
forces. Here, the sample size was 10 (10 pads), we tried 10 
times for each one, and took the mean value as the final 
result (Figure 10). The results show that: 

(1) The adhesion and friction performances were good 

 

Figure 10  Wet adhesion forces of the pad. 

both with and without a water film wiped on the glass sur-
face, and the friction forces were larger than the normal 
adhesion forces. This was due to the good hydrophilic and 
viscoelastic properties of the TPE and design of the pad. 

(2) A thin secretion film between the pad and contact 
surface improved the adhesion performance. However, the 
thickness of the water film was hard to control, thus the 
adhesion forces of the pad were not as good as in nature. 
With a thin water film on the glass, the normal adhesion and 
friction of the pad reached 2.8 mN/mm2 and 12.7 mN/mm2 
respectively. However, the normal adhesion and friction of a 
stick insect can reach up to 36 mN/mm2 and 132 mN/mm2. 

(ii) Relationship between adhesion and preload.  With 
50% relative humidity and without a liquid film between the 
pad and the contact surface, we measured the adhesion force 
with different preloads. For each preload, we tried 10 times on 
one pad, and took the mean value as the final result. The re-
sults (Figure 11) show that irrespective of the normal adhesion 
or friction, the adhesion force increased with increasing pre-
loading. When we calculated the contact area from the video, 
we found that the change of adhesion due to the change of the 
contact area kept a linear relationship. In Section 3.3, we ar-
gued that the preload would increase with the increase in the 
robot load while the pad was touching the vertical surface, 
thus the results indicate that the pad is self-adaptable.  

(iii) Direction dependence test of the pad.  With the 
same initial conditions as the previous tests, when pulling or 
pushing the pad with the same preload, the adhesion meas-
ured results are shown in Figure 12. Here, the sample size 
was 10 (10 pads), we tried 10 times for each one, and took 
the mean value as the final result. The results show that, irre-
spective of the normal adhesion or friction, the adhesion was 
much greater when pulling the pad on the glass surface. In 
particular for normal adhesion, we achieved about 0.55 N 
when pulling, and –30 mN when pushing, which demonstrated 
clear direction dependence for adhesion. We calculated the 
contact area from the video and found that the difference in 
the adhesion forces mainly came from the differences in the 
contact areas, while maintaining a linear relationship.  

5  Conclusions 

After introducing a wet adhesion mechanism, a smooth wet 
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Figure 11  Relationship between preloading and adhesion. (a) Relationship between adhesion and preloading; (b) relationship between friction and pre-
loading. 

 

Figure 12  A comparison of adhesion when pulling and pushing on the 
glass surface. 

adhesion based biomimetic pad for a climbing robot was 
proposed in this paper. Special square patterns on the surface 
helped improve wet adhesion performance, and inclined fiber 
chips inside the pad made the adhesion of the pad direction 
dependent and self-adaptive. Experimental results showed 
that the wet adhesion performance of the pad was good, with 
normal adhesion and friction reaching 0.65 and 3 N respec-
tively when sliding on wet glass surfaces. Furthermore the 
direction dependence was very clear. In future work, we will 
test the adhesion performances on rough surfaces. 
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