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Abstract: To support the inspections of different contact walls (rough and smooth), a novel type of
wall-climbing robot was proposed. Its design embodied a new gear transmission system arm and an
adherence mechanism inspired by cicadas and geckos. The actuating structure consisted of a five-bar
link and a gear transmission for the arm stretching, which was driven by the servos. The linkers
and gears formed the palm of this robot for climbing on a line. Moreover, the robot’s adherence
method for the rough surfaces used bionic spine materials inspired by the cicada. For smooth surface,
a bionic adhesion material was proposed inspired by the gecko. To assess the adherence mechanism
of the cicada and gecko, the electron microscope images of the palm of the cicada and gecko were
obtained by an electron microscope. The 3D printing technology and photolithography technology
were utilized to manufacture the robot’s structures. The adherence force experiments demonstrated
the bionic spines and bionic materials achieved good climbing on cloth, stones, and glass surfaces.
Furthermore, a new gait for the robot was designed to ensure its stability. The dynamic characteristics
of the robot’s gear transmission were obtained.

Keywords: wall-climbing robot; gear transmission; bionic spine; electron microscope images;
3D printing technology

1. Introduction

Researchers investigating wall-climbing robots looked to nature for inspiration. Around
the gecko, researchers studied the gecko’s toe and crawling approach to propose some wall-
climbing robots. On the basis of numerous studies on the gecko [1-6], the gecko’s adhesion
mechanism was proposed, and the relevant wall-climbing robots inspired by the gecko were
investigated. Metin et al. [7] assessed a four-legged wall-climbing robot with an elastomer
adhesive pad to climb a sloped surface. A novel robot [8] was presented with a shape
memory alloy actuator to drive its climbing. A microfiber with an angled mushroom tips [9]
array inspired by gecko was manufactured for a novel wall-climbing robot, Waalbot [10,11].
These studies applied the special structure array inspired by the gecko to the wall-climbing
robot. Cutkosky et al. [12-15] learned from the gecko’s pad and body structure to present a
gecko-like, wall-climbing robot. A bionic pad of this robot consisted of a microfiber array and
four-legged locomotion. The tail was inspired by the gecko’s toe and the gecko’s climbing
gait. Dai et al. [16] proposed a novel wall-climbing robot with a biomimetic gait inspired by
the gecko, which adjusted the posture of the robot’s foot to stably adhere to the wall. Mei
et al. [17,18] assessed a tank-like, wall-climbing robot with gecko-inspired material on the
caterpillar band. This robot climbed on a vertical surface, on the ceiling, or travelled from the
vertical surface to the ceiling.
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In another line of research, a series of studies were presented on wall-climbing robots
inspired by animals with claws for traversing rough surfaces. Dai et al. [19] proposed
a model of claws’” adherence on rough surfaces and investigated the relation of the di-
mensions of the claws with respect to the particles. Cutkosky et al. [20-22] presented a
six-legged, wall-climbing robot with alternating tripod gait for climbing a wall with stabil-
ity. Saunders et al. [23] proposed a RiSE robot with six legs and flexible spines inspired
by insects. The robot climbed a 90° tree in addition to carpeted and cork covered stucco
surfaces in the quasi-static regime. Then, the foot of this robot was improved to climb
on the wall with stability. A new type of the wall-climbing robot [24] was assessed and
demonstrated better performance. An improved wall-climbing robot [25] was proposed
with better stability and faster movement. Based on the results presented by Goldman
et al. [26] on the behaviors of the cockroach, Clark et al. [27-30] proposed a bionic, double-
legged wall-climbing robot for rough surfaces. Furthermore, quadrupedal wall-climbing
robots [31-33] were proposed with a lateral leg spring model. Liu [34] proposed a wheeled
wall-climbing robot with bionic feet inspired by Serica orientalis Motschulsky; it was
capable of climbing across the transition from horizontal to vertical surfaces. Then, a
novel, tracked, wall-climbing robot with bio-inspired spine feet was presented for rough
surface [35].

It can be seen from the literature that the wall-climbing robots studied by many
researchers only aim at smooth or rough surfaces and rarely prepare wall-climbing robots
that adapt to both smooth and rough surfaces. This paper proposes a novel type of wall-
climbing robot with a gear transmission system arm for climbing on the smooth and rough
surfaces that absorbs the adhesion characteristics of gecko and cicada. The novel actuating
structure consisted of a five-bar link, gear transmission system, and drive source servos.
The dynamic characteristics of the gear transmission of the robot were obtained by a
numerical model. In the transmission system, the driving gear was driven by the servos,
and the two driven gears were fixed with the links. In this approach, inspired by the cicada
and gecko, the palm of the robot conformed to the line when climbing. Moreover, the
bionic spine adherence materials and gecko-inspired materials were used to traverse rough
surfaces and smooth surfaces. The robots’ bodies were manufactured by using the 3D
printing technology with resin. The adherence force experiments of the bionic spines and
gecko-inspired materials were achieved on the rough and smooth surfaces. Finally, a new
gait of the robot was designed to ensure the robot’s climbing stability. The experiments of
the robot climbing on the different walls are presented at the end. Based on the study of
the bionic hooks and the materials bio-inspired by gecko, this robot, which can adapt to
rough and smooth wall surfaces, was put forward innovatively.

2. Modeling of Wall-Climbing Robot

The cicada and gecko can climb on walls because of their feet with special microstruc-
tures. These microstructures give support for adhesion force for the cicada and gecko to
adhere to a tree. This special adhesion ability was adopted in this robot for crawling on the
wall with stability.

2.1. Robot Description

Figure 1a presents a novel, wall-climbing robot whose body was inspired by a gecko,
with a gear transmission system arm. The robot included a head, a main body fixed on
the control element and power module, feet driven by a gear transmission fixed on a
five-bar link mechanism, and tail for supporting the robot climbing on a wall. The tail was
connected to the body by a torsional ring, which provided a support force to the robot
during climb. The five-bar link is presented in Figure 1b. The driving wheel is gear 1;
gear 2 and gear 3 are the driven wheels. The link 1 and link 4 were fixed on gear 2 and
gear 3, respectively. The four links (link 1, link 2, link 3, link 4) were connected by small
bearings. The driving wheel gear 1 meshed with gear 2 and gear 3 at the same time on
the supporting part to keep the palm moving on the line. Figure 1c presents the prototype
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of this robot designed by 3D printing technology with resin material. The bio-inspired
hooks were assembled to the palm. The length of a single hook was 18 mm. The length
of the body was 474 mm (including tail), and the body width was 315 mm (including the
four legs).

Head

Control
system

Foot
Palm

Tail

@)

(c)

Figure 1. The design of a bio-inspired, wall-climbing robot: (a) the components of this robot, (b) the
mechanism structure of the foot on the robot, (c) the prototype of this robot.

2.2. Statics” Analysis

This robot, adhering on the wall by its four palms and the tail, is shown in Figure 2a.
The palms and tail provided the force to prevent the robot from falling down and capsizing.

4

Y Fy+Fy=G
4z=1 (1)
Z Fixli + Fixlt = Gh
i=1

Here, G is the weight of the robot, Piy (i=1,2,3,4)is the component of the force of the
palms on the vertical destination, and Fy, is the component of the force of the tail on the
vertical destination.

Figure 2b shows the force analysis of the robot’s palm lift from B1 to B2 away from
the surface by the servo located horizontally. The servo provides the momentum to lift the
palm away from the surface, and the force analysis is shown as:

(Gp + F;)Lycos(0p) = M, 2)

Here, G, represents the palm’s weight, F, is the adherence force of the palm lift from
the surface by the bionic adherence material, L, represents the length of the center position
of the palm to the rotation center of the servo position O, 6, is the angle the palm rotates
from the position B1 to B2, and M), is the momentum of the servo on the part.



Appl. Sci. 2021, 11, 4137

40f19

G2
B oo G o
o O@
egz &o 2o
o°‘,®
o @ O
o 0%
o o (o
et o 9%
egl
G3
DO °
@

(e)

Figure 2. (a) Force analysis of the wall-climbing robot climbing on the wall, (b) force analysis of the robot’s palm lifted to

detach off the surface, (c) force analysis of the robot’s palm adhere to the surface, (d) the motion analysis of the robot’s palm

for climbing, (e) the dynamic mechanics’ mode of the transmission system.
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The palm of this robot adhering to the wall is shown in Figure 2c. To investigate the
adhesion force of the hooks, the stiffness of the hooks is K}, the rotation angle is defined as
0’, and the adhesion force of the hooks is

F, = Ky, 3)

Here, the Kj, is the stiffness matrix and Jj, is the deflection of the hook.

th Ax
E, = Foy | 0n=1| A4y 4)
Mhe/ Ae/

Here, the Fy, is the force of the wall on the hook in the x direction, the Fy, is the
force in direction y, and Mj¢’ is the momentum of the hook. The Ay, Ay, and Ag’ are the
deflection of the hook on the wall in x, y, and bend directions.

The servos provided the torque to drive gear 1 (G1); in turn, gear 2 and gear 3 were
driven. Meanwhile, link 1 and link 4 were fixed on the gears. They were driven by gear 2
and gear 3 for stretching to crawl on the wall. Figure 2d represents the two positions of
the robot’s palm driven by a servo through the five-link mechanism (A1, A2). The end of
the link moved to the symmetry position (A1-A2) to keep the robot’s palm moving in a
straight line. While the robot’s palm stretched to position A2, gear 1, gear 2, and gear 3
turned 0,1, 0> and g3, respectively. During this situation, the linear velocity of the gears
was kept the same:

Vi(t) = Va(t) = Vs(t) ®)
hence,
wi(t)r1 = wa(t)r2 = ws(t)rs (6)
Og1(t) = wt 7)
Og1(t)d1 = Og2(t)da = Og3(t)d3 8)
d=mz )
041 (t)z1 = Og2(t)22 = Og3(t)23 (10)

Here, V1, V;, and V3 are the linear velocity of the gears; w, wy, w3 represent the
angular velocities of the gears; d shows the pitch diameter of the gear; m is the module of
the gear; z is the number of teeth; and z1, z, and z3 represent the number of teeth of the
gear 1, gear 2, and gear 3, respectively. The parameters of gear 1, gear 2, and gear 3 can be
obtained by Equation (10), based on the length of the links.

2.3. Kinetic Analysis

This robot had four legs for climbing on the wall. The legs were driven by the gear
transmission. The gear transmission affected the stability of crawling system. Hence, the ki-
netic analysis of the gear transmission was so important that the relevant dynamic model
was proposed. Before the model building, the following hypothesis was proposed:

1.  The internal and external mesh pairs were represented by virtual spring-damping
units, time-varying stiffness, and comprehensive transmission error.

2. The frictions of each meshing pair and supporting bearings could be neglected.

3. The backlashes of gear pairs were included.

Figure 2e presents the dynamic mechanics of the gear transmission system in a foot of
this robot. The 6; (I =1, 2, 3) is the displacement of the gears, I; (i = 1, 2, 3) represents the
moment of inertia of the gear, and ¢; (t), (j = 1, 2) is the comprehensive transmission error
during the process of gear driving. The comprehensive transmission error ¢; (f) is periodic
and varies with the mesh frequency wj, which can be written as

ej(t) = Ejcos(wjt + ¢;) (11)
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where E; is the comprehensive gear meshing error amplitude and ¢; is the phase angle of
the jy, gear pair. The kj(t), (j = 1, 2) is the time-varying mesh stiffness and can be described as

kj(t) = km]' + kg cos(wjt + qok]-) (12)

where k;; is the average amplitude, k; is the varying amplitude of the j;, time-varying mesh
stiffness of gear pair, ¢y; is the phase angle of this gear pair, ¢;, (j = 1, 2) is the damping
coefficient, T is the driving moment, and T, and T3 are the driven moments on the gear.
The dynamic mechanics’ function of this gear system can be written as

Izég + C1R2(R292 — Rlél — 61(1’)) + kl(i’)sz(R292 — R160; — 61(f)) =T
1303 + c2R3(R363 — R1601 — é2(t)) + ka(t)Raf (R303 — R161 — ex(t)) = T

(13)
Ilél — ClRl (R292 — Rlél — el(t)) — kl(t)le(Rzez — R191 — El(i’))

—cpRq (R393 — Rlél - 62(f)) — kz(t)R1f(R393 — R16; — €2(t)) =-T;

Here, R; (i =1, 2, 3) represents the radius of the gears. This model only included the
torsional direction displacement. This gear transmission system included the gear backlash,
represented by Figure 2e. The displacement function f(X;) that included the gear backlash

can be expressed as
X] —b Xj >b
{ 0 | X;| <b (14)
X+ b X; < —b
In order to eliminate the rigid body movement, the relative displacements of the gear
pair were proposed as X; (j = 1, 2). These can be obtained as

X1 = Robr — Ri61 —eq(t)
(15)
Xo = R3t3 — Ry6; — ex(t)
Hence, the function can be written
X1+ c1R3/LX1 + R/ L X1 + RS/ 1 Xo + ki (H)R3/ Lf (X1) + ka ()R /1 f (X1)
+hko(H)R3 /L f(X2) = —&1(t) + ReTo/ L + RiTh /Ty
(16)

Xy + 2R3/ 13Xy + R/ [ Xy + 1 R2/ [ Xy + ka(H)R3/ I3 £ (X2) + ka(H)R3/ I f(Xa)

+k1(H)R3/ I f(X1) = —éx(t) + RiTy/I1 + RsT3/ I3

The dimensionless process was used to solve this function to obtain the vibration
placement. The normal dimension b, is

be=0b/0b (17)

where the b is dimension value. The characteristic frequency wy, can be expressed as

wn = \Jk/ (1/my +1/m3) 18)
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The dimensionless treatment of displacement, velocity, and acceleration are shown as

Xi = Yibc
Xi = Yiwnbc (19)
Xi = Xiw,%bc

The gear backlash can be expressed as

X] — E y] > Bﬁ
fX)=4 0 [Xj|<b (20)
Xj +b Xj < —b
The time-varying mesh stiffness and comprehensive transmission error can be pre-
sented as -
¢j(t) = Ejcos(w;t + ¢;)
. (21)
ki(t) = kj + ks cos(@jt + @x;)
where Wj = w;j /Wy, fj =E; /bc. The function can be expressed as
Wb X, + wnbcclRﬁ/IzZ + wnbch%/IlYl + wnbchR%Iziz +bek1 (H)R3/ L f (X1)
+beky ()R /L f(X1) + beka(H)R3 /I f(X2) = —e1(t) + RoTo/ I + Ry Ty / Iy
(22)
w%bcyz + wanC2R§/I3X2 + (UanC2R%/11X2 + wnbcclR%Iggfl + bckz(i’)R%/Igf(Yz)
+bcka (RS / I f (X2) + beki (RS /I f(X1) = —&x(t) + RiTy /I + Rs T3/ I
X) = —a(t) + T/ (Rowgbemmz) + T1 / (Rywgbemy) — (c1/ (wnmz) — o1/ (wnm)) X
—Ca/ (wnm) Xa — ki (8) (1/ (wim) =1/ (wim)) f(X1) = ka(t) / (wim1) f (X2)
(23)
Xy = —o(t) + T1/ (Riwpberm) + Ts/ (Rswybems) — (c2/ (wnmz) — e
—c1/ (mwn) Xy = ka(8) (1/ (wimz) =1/ (wimi)) f(X2) = k1 () / (wima) f(X1)
This can be written as ) )
MX+CX+KX=F (24)
where _
(10 - [ X1
(4 )= (%)
c_ ( —c1/wn(1/my +1/myq) —cp/ (wymy) ) (26)
—c1/ (mywy) —co/wn(1/mz+1/my)
K= ( —k1(£)(1/ma +1/my) / w; —ko(t)/ (wpmy) > 27)
—kl(t)/(mlw%) —kz(t)(l/?ﬂ3+1/ml)/w%
- T2/ (Rowybemz ) + Ty / (Rywpbemy ) *?1(7}) (28)
T3/ (R3w3bems) + Ty / (Ryw2bemy) — éa(t)

Equation (24) of the gear transmission system can be solved by the Runge-Kutta
method.
The parameters of the whole system are shown in Table 1.
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Table 1. The parameters of the gears.
Pressure Width Mass
Gear Teeth Module Angle () (mm) ()
Gear 1 50 0.5 20 5 1.96
Gear 2 71 0.5 20 5 4.17
Gear 3 83 0.5 20 5 6

The relative displacements of gear 1, gear 2, and gear 3 were obtained from Equa-
tion (24) by the Runge-Kutta method. The results are shown in Figure 3. Figure 3a
represents the dimensionless relative displacements of gear 1 and gear 2; these ranged
between —0.1902~0.1905. Figure 3b represents the dimensionless relative displacements
of gear 1 and gear 3; these ranged between —0.2001~0.20. The dimensionless relative
displacements of gear 1 and gear 2 were larger than gear 1 and gear 3. The deformations
of gear 1 and gear 3 were larger than that of gear 1 and gear 2. Therefore, the vibration
displacement of gear 3 was larger than the gear 2. To investigate the stability of these three
gears, the phase images and Poincare maps are presented in Figure 4. From Figure 4, the
phase images of gear 1 with gear 2 was a single ellipse and the gear 1 meshed with gear 2
was a stability state in this situation. The cycle time was doubled in this gear transmission
state as the Poincare map had two red points. The gear 1 meshed with gear 3 had the same
cyclic motion state, but the vibration amplitude of gear 1 with gear 3 was larger than the
gear 1 with gear 2.

b
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Figure 3. (a) The dimensionless relative displacement of the gear 1 and gear2, (b) the dimensionless
relative displacement of the gear 1 and gear 3.

In order to investigate the effect of the angle on the adherence force, the theoretical
model of this claw when climbing the rough surface is shown in Figure 5d. In this figure,
two small circles represent the two tips of the spine, which contacts the rough surface.
The radius of the two smaller circles is r. The bigger circle is the particle on the rough
surface, whose radius is R. These two small circles are tangent to the big circle. They
express the cicada’s claw adherence to the rough surface. The angle between these two
circles is 7y, which represents the angle of the hooks on the end of the leg. The contract
angle between the cicada’s claw and the rough surface is &; («1, a2).
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Figure 4. (a) The phase images of the gear 1 and gear 2. (b) The Poincare maps of the gear 1 and gear
2. (c) The phase images of the gear 1 and gear 3. (d) The Poincare maps of the gear 1 and gear 3.

2.4. Adhesion Part Analysis

Figure 5a is the cicada, which has the ability to climb trees by using its biometry claws.
Figure 5b represents the detailed image of the cicada’s claw. From this image, we can
see a special bifurcated spine on the end of the claw. The cicada can climb trees by using
these bifurcated spines. This paper investigated the use of bifurcated spines in a proposed
wall-climbing robot for climbing on rough surfaces. This paper presents a bionic spine
design that was inspired by this special hook with an angle, as shown in Figure 5c.

The contact angle « is

+R_h) :arcsin(l—rL) (29)

o= arcsin(r
B +R

r+R
Figure 5e expresses the equivalent force diagram of the bionic hook adhering to the
rough surface. The load distribution force angle is 5 (81, B2), the height of the particle is
h, f (f1, f») is the friction force between hook and surface, F (Fy, F») is the comprehensive
capsizing force of the hook by the wall and the weight of the hook, and N (N3, N) is the
support force on the hook by the wall. To adhere to the protruding particles, the mechanics
must satisfy:

¥ fisin(71/2) = L piNicos(3:/2)

= i Eisin(a;+p;)
i=1 (30)

n n
' 1N,' = ‘21 Ficos(a;+p;)
1= 1=
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(b)

©)

V!

(@)

(e)

Figure 5. (a) A cicada on the branch of the tree, (b) a leg of a cicada, (c) the bionic bifurcated spines
inspired by the cicada’s claws, (d) equivalent force diagram of the bionic hook. (e) The equivalent
force diagram of the bionic hook adhering to the rough surface.

In terms of a single hook,
B < arctan(2ucos(y/2)) —a (31)

Here, y is the friction coefficient between the hook and the surface.
Integrating with Equations (29)—(31), B is written as
h

B < arctan(2ucos(y/2)) — arcsin(1 — IR (32)
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The hooks” adherence on the rough surface must satisfy the condition that j is greater
than zero. This means that « is limited and is less than arctan(pcos(y/2)), from Equa-
tion (31). Here, « is defined by the diameter and the height of the particle and « is the
angle of the hook to change the adhere characteristics of the hooks. These parameters are
investigated by the following figures. Figure 6a represents the relations of the pressure
angle (¢) and the load distribution angle (8) with various hooks” angles «y. In this figure,
the load distribution angle (B) decreases as the hook angles v decrease. It means that
decreasing the hook angles y improves the adherence property. The relation between the
size of hooks and the particles on the contact surface is provided in Figure 6b. In this figure,
the smaller the radius of the hooks” angle, the bigger the load distribution angle (f), as the
height and the radius of the particles remain unchanged. Hence, decreasing the size of the
hook’s end can develop the adherence property.

(@) %0 ——11=7/6 (b) “ PSS
60 - 12=R/4 S
15 '/A'-"
= ——gR=1
-4 gR=0.75
0.5 —o-gR=0.5
—+-gR=025
-+ gR=0.125
9% 10 20 30 20 0 & 70 80 % % 10 20 30 20 30 & 70 80 %
% B®)

Figure 6. (a) The relation of the pressure angle () and the load distribution angle (8) with various
hook angles (), (b) the relation of the load distribution load angle and the particles’ sizes on the
contact surface with different sizes of hooks.

2.5. Adhesion Part Analysis

As shown in Figure 7, the tangential adhesive force of the various hook angles of the
bionic claws were examined on the adhesive test platform. A rough surface was put on the
platform for testing.

(a) Bio- Data

L Test  Telescopic .
inspired device videwa recording
palm g Y o puter

inspired
palm

Time's Tume's

Figure 7. The adhesion force of the bionic palm. (a) A measuring platform to measure the adhere
force. (b) The bionic palm with various bionic spines. (c¢) The normal adhesion force of this bionic
palm. (d) The shear adhesion force of this bionic palm.

Figure 7a represents the testing set for adhesive materials. The testing device and the
telescopic guideway are on the right; the testing materials are on the left. The adherence
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palm that was bio-inspired by the cicada (the hook angle is 60°) was put on the brick that
was fixed on the platform. The testing device was a force test set that could record the
data during the testing. The testing device was fixed on the telescopic guideway with a
motor pulling the bionic palm and recording the force data. The preload of the robot’s
palm was 0.12 N on the wall during climbing. Hence, the preload on the adherence palm
was also 0.12 N during the measuring. Figure 7c,d shows the normal adhesion force and
the shear adhesion force of the bionic palm (Figure 7b), respectively. The maximum of
the normal adhesion force reached 48.7 N, and the maximum of the shear adhesion force
reached 31.5 N.

To adhere to the smooth surface, we borrowed the adhesion characteristics of a gecko’s
toes with numerous bristles” arrays. Figure 8a is a gecko from an animal breeding base.
Figure 8b is the gecko’s toe and the Figure 8c is the scanning electron microscope image of
the gecko’s toe. From Figure 8c, there are numerous bristles” arrays on the toe to help the
gecko adhere to the wall for climbing.

(a)-

Fr
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Fr
rr
[l =
pe
re
PP
e
r e
rP
PP
rr

B B B e e e B T . e e e e e

g

Figure 8. (a) The photo of the gecko, (b) scanning electron micrograph of a gecko’s toe, (c) the
extended scanning electron micrograph of a gecko’s toe. (d) The PDMS was taken from the silicon
plate to obtain an adhesion sheet. (e) The gecko-inspired setae array, (f) the extended image of the
gecko-inspired setae array.

Furthermore, the photolithography technology was used to make the bionic bristles’
array (Figure 8d). This bionic bristles” array is made of PDMS (Polydimethylsiloxane),
as shown in Figure 8e f. The diameter of the bristle was 7 pm and the height was 10 pm.
After the adhesive sheet was manufactured, a 40-mm x 50-mm rectangle sheet was cut for
measuring. The result is presented in Figure 9.
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Figure 9. The test set to measure the adherence force. (a) The test set for measuring the adherence force of the bio-inspired
materials. (b) The test set to measure the normal force of the adhesive materials. (c) The shearing force of the adhesive

materials without preload.

The adherence materials (40 mm x 50 mm) that were put on the glass fixed on the
platform, as shown in Figure 9a—c, showed normal adherence force and shear adherence
force, respectively. The maximum of the normal adherence materials reached 44.5 N,
and the maximum of the shear adherence force reached 30.7 N. This rectangle sheet was
manufactured for the bionic robot to adhere to the smooth surface.

3. Locomotion of the Robot

The proposed robot climbed on the wall with stability by an efficient locomotion gait,
as shown in Figure 10. This climbing strategy was divided into six parts by the servos
to realize the robot’s legs lifting and stretching. In each period, the foot (I) and the foot
(IV) moved in sync, and the foot (II) and foot (III) moved in sync. The foot with blue color
means that the foot was in the attaching status, while the white color indicates it was in
the detaching status. However, each foot was in two positions when the robot climbed the
wall: One was at the stretching position and the other was at the contraction position. The
stretching position was the point of the robot’s foot after the stretching was completed and
the contraction position was the point of the robot’s foot after contracting was completed.
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Figure 10. (a) The first step in a single cycle, (b) the second step in a single cycle, (c) the third step in a single cycle, (d) the
fourth step in a single cycle, (e) the fifth step in a single cycle, and (f) the sixth step in a single cycle.

In the first step (Figure 10a), the four feet of the robot all attached to the surface.
The foot (I) and the foot (IV) were at the contraction position and the foot (II) and the foot
(III) were at the stretching position.

In the second step (Figure 10b), the foot (II) and the foot (III) remained attached at
the above position. Then, the foot (I) and the foot (IV) lifted away from the surface by the
servos.

In the third step (Figure 10c), the foot (II) and the foot (III) were attached at the above
position and the servo drove the gear transmission system to elevate the body. Meanwhile,
the servo drove the gear transmission system to stretch the foot (I) and the foot (IV).

In the fourth step (Figure 10d), the foot (II) and the foot (III) were attached at the above
position. The servo drove the foot (I) and the foot (IV) down to attach to the surface. The
four feet were all attached on the surface in this step.

In the fifth step (Figure 10e), the servo drove the gear transmission to the control foot
(I) and the foot (IV) to the contraction position for elevating the body. At the same time, the
servo uplifted the foot (II) and the foot (III) and detached from the surface to the stretching
position.

In the last step (Figure 10f), the foot (I) and the foot (IV) were kept attached at the
above contraction position. The servo drove the foot (II) and the foot (III) down and
attached them to the surface.

4. Experiment

The dimensions of the gear transmission robot prototype are shown in Table 2. The
components of this bionic, wall-climbing robot were made from resin by a 3D printing
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method. The manufactured parts were assembled with the adhesion hooks (Figure 7b) and
the adhesion materials (Figure 8e) to complete the climbing experiment as follow.

Table 2. The dimensions of the robot prototype.

Design Parameters Values
Length of robot (with tail) 474 mm
Width of body (include the legs) 330 mm
Mass of robot 360 g
Size of pad 40 mm x 50 mm
One-step duration 0.15s

The locomotion of this robot climbing the vertical cloth, stones, and glass walls in a
cycle is shown in Figures 11-13, respectively. This robot climbed from the dotted line to
the real line. The laser position device recorded the displacement of the robot in a cycle,
as shown in Figure 14. The robot climbing 90.10 mm on the horizontal cloth surface and
79.7mm on the vertical cloth surface is presented in Figure 14b (i) and (ii). The locomotion
time of each step was 0.15 s. Then, the six steps took 0.9 s in a cycle. The theoretical speed
of the robot was 11.34 cm/s, and the experimental were 10.01 cm/s and 8.86 cm/s on
the horizontal and vertical wall, respectively. The theoretical speed of the robot when
climbing walls was higher than the experimental results. The difference between theory
and experimental was due to the robot assembling error. The displacements of the robot in
a cycle on the stones and glass are shown in Figure 14b (iii) and (iv), respectively. The robot
climbed 82.29 mm on the vertical stone surface and 84.02 mm on the vertical glass surface.
The climbing speeds of the robot on the stone wall and glass wall were 9.14 cm/s and 9.34
cm/s, as shown in Table 3, respectively. When the wall-climbing robot climbed the cloth
surface, the cloth surface was slightly damaged, and when it climbed the stone surface, the
hook stabbing was slightly damaged. The different climbing speeds of the robot may have
been due to the surface materials. The robot can adapt to different surfaces by changing
the adhesion materials. Research on multiple series of materials can broaden the scope of
application of robots.
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(b) the displacement profile of the robot.
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Table 3. The speed of the robot prototype.

Climbing Surfaces Velocity (Vertical)
Cloth 8.86 cm/s
Stones 9.14 cm/s
Glass 9.34 cm/s

Table 4 lists the speed parameters of various wall-climbing robot. Compared with
these climbing robots (Waalbot II, Stickbot, Spinybot II, as shown in Table 4), it is rarely
adapted to multi-surfaces. Waalbot II and Stickbot were designed for smooth surfaces,
while Spinybot II was designed for rough surfaces. Few robots are designed to climb
multiple walls. This paper’s robot climbed on the smooth and rough surfaces. The speed
of this robot was 8.86 cm/s, 9.14 cm/s, and 9.34 cm/s on the cloth, stones, and glass.
Compared to these climbing robots in Table 4, this paper’s robot expands the scope of
application and performs well in terms of climbing speed.

Table 4. The comparison of the robots.

Wall-Climbing Climbing on

Climbing Surfaces Velocity (Vertical)

Robot Multi-Surfaces
Waalbot IT [10] Glass 5cm/s No
Stickbot [11] Glass 4cm/s No
Spinybot II [19] Stones 4cm/s No

5. Conclusions

In this paper, a wall-climbing robot that can adhere to rough and smooth surfaces
inspired by cicadas and geckos was proposed. A new type of climbing structure was
designed with a gear-link transmission to improve the stability of the robot when climbing
a wall. This robot had a special angle spine adhesion palm for the rough surface that was
inspired by the cicada. Meanwhile, the robot palm used adhesion materials, inspired by
the gecko, for smooth surfaces. This palm design allowed the robot to effectively adhere to
a wall. The robot was experimentally evaluated on vertical rough and smooth surfaces. It
reached a speed of 8.86 cm/s on the cloth surface, 9.14 cm/s on the stone surface, and 9.34
cm/s on the glass surface. Compared to other robots, this robot had a good performance.
This type of robot provided an idea for the research of wall-climbing robots that deal with
a variety of wall surfaces. This robot has practical applications, including inspecting rough
and smooth surfaces.
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