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ABSTRACT This paper presents the design, fabrication, and control of a quadruped wall-climbing robot.
The robot’s kinematics is inspired by lizards, which use trot-gait for the locomotion. The key features
of this robot are its pressure-sensitive adhesive (PSA) enabled adhesion and peeling mechanism and the
locomotion controller capable of straight and turning motion. We obtained an average vertical climbing
speed of 1.35 cm/s without payload and 1.25 cm/s with a payload of 20 gm. Rapid prototyping techniques
namely 3D-printing and 2D-LASER cutting are used to fabricate the entire structure of the robot, allowing
easy replication of the entire robot in case a swarm of such robots is needed. This paper also reports climbing
stability criteria for the developed robot expressed in terms of the pitching moment. We envisage that the
developed robot can be deployed in surveillance, reconnaissance, cleaning, and repairing applications.

INDEX TERMS Bio-inspired robotics, climbing robots, lizard-inspired, 3D-printing.

I. INTRODUCTION
Robots having wall climbing capabilities with payloads such
as cameras can be very useful in a wide range of applica-
tions like surveillance, reconnaissance, cleaning, repairing,
and entertainment [1]. For example, consider a hostage sit-
uation where terrorists have captured a few innocent people,
as depicted in Figure 1. This situation is very difficult to tackle
for the security forces, as the information about the crisis
scene, such as: the number of terrorists, kinds of weapons
with them, and the number of hostages are not accurately
known. While tackling this kind of situation, existing tech-
nologies such as drones fail miserably due to their inherent
loud noise [2]. Wall-climbing, in particular, lizard-like robots
can provide necessary stealth in security applications. Their
small size, quiet and nimble operation, and house lizard-like
appearance make them almost undetectable at the crisis
scene, possibly saving many innocent lives. To this aim,
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FIGURE 1. Lizard-inspired robot performing reconnaissance in hostage
scenario.

in this paper, we present the design, fabrication, and control
of a PSA-enabled lizard-like quadruped wall-climbing robot.

Crucial ethological functionality can be imparted to robots
by having a robot design inspired by biological crea-
tures [1], [3]–[6]. The complete robot design is inspired
from the anatomy and nimble locomotion of a real lizard.
3D-printing [7] and 2D-LASER cutting [8] operations are
used to fabricate the robot structure. The robot’s limbs have a
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simplified 2-DOF (degrees of freedom) design rather than the
3-DOF design naturally found in real lizards [9]. This sim-
plification is done in order to reduce the complexity during
fabrication and material selection for the robot. Micro servo
motors of mass 9 gm and torque capacity 1.8kg-cm are used
to actuate the leg joints. The motors on the spine provide
yaw motion for the forward and steering motions, whereas
the footpads assist in the adhesion and peeling of feet.

While designing climbing robots, the locomotion mech-
anism and the adhesion modality both play a crucial role.
Researchers have attempted various adhesionmodalities such
as magnetic adhesion [10]–[21], electrostatic adhesion [22],
[23], vacuum suction [24]–[29], micro spines [30]–[33],
pressure-sensitive adhesion, and microfibrillar dry adhe-
sion [34]–[39]. Each adhesion modality has its own advan-
tages and disadvantages. For example, magnetic adhesion can
work very well on ferromagnetic surfaces, but it cannot be
used on other types of surfaces. Electrostatic adhesion gener-
ally needs a very high voltage and large pad size to generate
the adhesion. Hence, the complete setup is usually bulky,
and the untethered operation is difficult to achieve. Vacuum
suction works well on smooth surfaces, but it fails on rough
surfaces. Another issue is that since it needs ambient pressure
in order to stick, it is not suitable for space applications as the
ambient pressure is zero.

Chattopadhyay et al. [1] have done a comprehensive sur-
vey of various adhesion modalities for climbing-robots.

Researchers have also explored various locomotion mech-
anisms for climbing-robots [33]. Locomotion mechanisms
such as legged [17], [34], [35], [38], [40], wheeled [10]–[14],
[16], [24], [25], [41], [42], and tracked [15], [23], [26], [43]
are most common. Again, each with its own advantages and
disadvantages. Tracked and wheeled locomotions perform
better on smooth surfaces, but they struggle on surfaces hav-
ing obstacles and discontinuities, whereas legged locomotion
works for a wide range of surfaces and it is better at negoti-
ating the obstacles.

Tracked and wheeled locomotion for shipping and
maritime robotics is explored in [12], [20], [21]. In legged
locomotion, a quadruped robot design is widely used. Robots
such as NINJA series [29], LEMUR-3 [44], REST [18],
and ASTERISK [19] are examples of quadrupeds, whereas
RiSE [31] is a bio-inspired hexapedal robot. Stickybot [38]
and Geckobot [40], [45] are other quadrupedal robots that
are inspired from a real lizard. Apart from the quadrupedal
design, hexapedal design is also explored in [46]. This
hexapedal design is inspired by a real spider that utilizes four
front feet and two rear feet for its locomotion. There are three
different versions of this robot, namely Abigaille-I, II, and III.

This paper reports a lizard-inspired quadrupedal design
that uses PSA as the adhesion modality. This robot follows
a trot-gait and has six servo-controlled motors, two for front
and rear leg swinging and the remaining four for sticking and
peeling the feet.

This paper is an extension of our earlier work [47]
that reported preliminary results related to the design of a

FIGURE 2. Design concept based on bio-inspiration [22]: (A) morphology
of lizard having flexible body and tail, (B) robot design realization via
flexibility of body and tail implemented using several revolute joints and
incorporation of legs having 3-DOF, (C) robot design realization via
flexibility of body and tail implemented using several revolute joints and
incorporation of legs having 2-DOF, (D) further simplification of design by
incorporating a pair of servo-actuated hip joints controlled via coupled
oscillator, 1-DOF footpads, and rigid body devoid of tail, and (E) the
realized robot.

lizard-inspired climbing robot. The main contributions of this
paper include the following:

• A detailed climbing stability analysis based on pitching
moment has been performed in this paper. The devel-
oped stability criteria helps in design improvement such
that the robot can climb vertical surfaces in a stable
manner.

• We report construction and simulation of the robot
model in CoppeliaSim [48] environment.

• The paper includes results of Line of Sight (LoS)
guidance to follow waypoints on a vertical wall in
CoppeliaSim [48] environment.

• We report a new experiment in which the robot is carry-
ing an on-board spy camera. The robot is able to climb
vertically while recording video and streaming it online.

II. DESIGN OVERVIEW
A. DESIGN INSPIRATION FROM LIZARD MORPHOLOGY
Real lizards have a very flexible and compliant body with
3-DOF leg designs and a long tail, enabling them to have
agile and nimble locomotion on vertical walls. While making
a lizard-inspired robot, having all the above-said features is
quite difficult. However, a simplified design can be a practical
approach. In this paper, a simplified robot design with bionic
locomotion based on the anatomy and nimble locomotion of
a real lizard is developed.

As seen in Figure 2, a real lizard’s body (Figure 2(A))
is simplified to have Figure 2(B) and Figure 2(C) in which
flexibility of body and tail is obtained using multiple revolute
joints. Figure 2(C) is further simplified to get Figure 2(D)
in which, the body is made rigid, the legs have only 2-DOF,
and the tail is omitted. Such simplifications have significantly
reduced the overall complexity, power requirements, and
weight as fewer actuators are utilized.
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FIGURE 3. Robot design: (A) schematic diagram of the robot mechanism,
and (B) CAD model of the robot with enlarged foot.

B. ROBOT DESIGN
The robot has three main structural components: spine, front
leg, and rear leg (see Figure 3(A)). The front and rear legs are
connected to the spine through a servo-actuated joint. These
front and rear servo-actuated joints help in the leg swinging,
thus generating the robot’s front, rear, and steering motions.
Each leg consists of two servo-actuated compliant adhesive
feet at its ends.

The schematic diagram (see Figure 3(A)) is detailed in the
CAD model [49] (see Figure 3(B)). As it can be seen in
the CAD model, the spine houses all the electronics, power
supplies, and the front and the rear servo motors.

Each leg has two compliant adhesion and peeling mech-
anisms, which mimic the toe-and-claw of a real lizard. The
mechanism is inspired from the fact that a PSA adhesive
peeling is very easy when pulled from a corner or an edge
than peeling from its center. The overall design of the sticking
and peeling mechanism is detailed in Figure 3. It consists of
four compliant fingers, adhesive pads, foot frame, a helical
spring, inextensible threads, and a servo motor. Each compli-
ant finger has a top blade and a bottom blade. The top blade
applies pressure on the adhesive pad, whereas the bottom
blade acts as a substrate for attaching the adhesive pad. Each
compliant finger is connected to the servomotor horn through
a thread. While peeling, the servo motor pulls the compliant
fingers from the edge with the help of threads.While sticking,
the servo motor releases the threads, and the compliant finger
applies pressure on the adhesive pads. The helical spring
helps in landing the foot frame first before all four fingers
can land; this helps in achieving a better adhesion.

The overall size of the robot can be encompassed in a
bounding box of size 190mm× 170mm× 60mm, its overall
weight is 150 gm.

The kinematic analysis of the robot is shown below. At an
instant, when one of the diagonal pair of feet is in contact
with the ground, the robot structure behaves as a four bar
mechanism as shown in Figure 4(A). From Figure 4(A), the
vector distance between point A and D can be found as
follows:

l2eiθ3 + Leiθ2 + l1eiθ1 =
−→
AD, (1)

FIGURE 4. Kinematic and dynamic analysis: A) kinematic diagram of the
robot [40], B) kinematic relationship between motor rotation and
finger-tip height, C) Top view of the robot for pitching moment analysis,
and D) dynamic relationship between motor torque and peeling force.

where, L represents the length of spine, l1 represents the front
leg width, l2 represents the rear Leg width, θ1 represents the
angle made by l1 from x axis, θ2 represents the angle made
by L from x axis, and θ3 represents the angle made by l2 from
x axis.
Changing

−→
AD to its complex form, equation (1) can be

rewritten as:

l2eiθ3 + Leiθ2 + l1eiθ1 = L + i (l1 + l2) (2)

Equating real parts of equation (2), we get,

l2 cos θ3 + l1 cos θ1 = L − L cos θ2 (3)

Equating imaginary parts of equation (2), we get,

l2 sin θ3 + l1 sin θ1 = (l1 + l2)− L sin θ2 (4)

The rear motor rotation angle is 180−θ3+θ2 and the front
motor rotation angle is θ1 − θ2. Further, the step size can be
calculated by using the following equation:

S = 2l2 cos θ3 (5)

So, S can be determined by measuring the step size of the
leg, and by substituting S in equation (5), θ3 can be deter-
mined. θ1 and θ2 can be computed by solving equation (3)
and (4).

The kinematic relationship between motor rotation and
finger deflection is shown in Figure 4(B).Whenmotor rotates
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by an angle β, the thread connected between servo horn
and finger-tip gets shortened by rβ length. The relation-
ship between finger-tip height and thread length is given as
follows:

sin θ =
δ

rβ
⇒ δ = (rβ) sin θ, (6)

where, δ represents finger-tip height, r represents the motor
shaft radius, β represents motor rotation angle, and θ repre-
sents the initial angle between thread and bottom blade of
the finger. θ represents the initial angle between thread and
bottom blade of the finger.

The dynamics analysis of the robot is shown below as per
Figure 4(C). At first, themoment balance analysis of the robot
is done in which, the conditions for pitching moment of the
robot is derived as shown below.

The expression for moment of rear-foot (ABCD) and front-
foot (A′B′C ′D′) about Center of Gravity (CoG) is shown in
equation (7) and equation (8) respectively:
−−→
MGr = 4

[
−Rrz l2 + Rry l3

]
ı̂ − 4Rrz l1̂ + 4Rry l1̂k (7)

−−→
MGf = 4

[
Rfz (L − l2)+ Rfy l3

]
ı̂ + 4Rfz l1̂ − 4Rfy l1k̂ (8)

where,MGr represents moment of rear-foot about CoG,MGf
represents moment of front-foot about CoG, Rry represents
the net force on each rear-footpad in y direction, Rrz repre-
sents the net force on each rear-footpad in z direction, Rfy
represents the net force on each front-footpad in y direc-
tion, Rfz represents the net force on each front-footpad in z
direction, l1 represents the distance of CoG from origin in
x direction, l2 represents the distance of CoG from origin in
y direction, l3 represents the distance of CoG from origin in z
direction.

For stability,
−→
MG ≤ 0 ⇒

−−→
MGr +

−−→
MGf ≤ 0, so, by com-

paring the coefficients of the given equation, we get the
following relations:

RfzL +
(
Rry + Rfy

)
l3

Rrz + Rfz
≤ l2 (9)

Rfz < Rrz (10)

Rry < Rfy (11)

Referring Figure 4(D), the relationship between motor torque
and peeling force is shown as follows. Applying force balance
about a single finger we get the following relationships:

Fa1 = (
τ

r
) sin θ + F ′fy (12)

F ′fx = (−
τ

r
) cos θ, (13)

where, τ represents servo motor torque, F represents the
thread tension, r represents the motor shaft radius, F ′fy repre-
sents normal reaction on a single footpad, F ′fx represents net
frictional force on a single footpad, Fa1 represents adhesion
force acting on a single footpad, θ represents angle between
thread and bottom blade of the finger.

The adhesion/peeling force models are described below as
seen in Figure 5. In the case of a smooth, rigid plate contacting

FIGURE 5. Adhesion/Peeling model: A) adhesion of an elastic block on a
smooth surface, B) force diagram of a flexible adhesive tape acted on by
an external force [50].

a smooth, elastic block (see Figure 5(A)), the block and the
plate adhere to each other due to adhesive force, and a force
must be applied to separate the block from the plate. If a force
is applied at the free end of the block then a tensile stress σ
will be induced that will lead to a stretching of the block by
length d . The failure stress due to which the block separates
from the rigid surface, is given by:

σcr =

√
4γE
lo
, (14)

where, σcr represents critical stress, γ represents surface
energy, E represents modulus of elasticity, and lo represents
thickness of the elastic block.

This ‘‘critical stress’’ increases with themodulus of elastic-
ity E and the surface energy γ and decreases with the elastic
block thickness lo. In the case of adhesive tapes, condition
for the equilibrium is discussed below. Consider a flexible
adhesive tape having width L, which is partly adhered on a
rigid body and partly in air, and it is being pulled with force
F as seen in Figure 5(B).

The critical separation force is given by the following
relation:

F0 =
γ ∗L

1− cos θ
, (15)

where, F0 represents critical separation force, γ ∗ represents
the effective surface energy, L represents width of adhesive
tape, and θ represents angle at which the tape is pulled.
The critical separation force (per unit length) when the

adhesive tape is pulled at an angle θ = 90o, is equal to the
surface energy. Whereas when θ = 180o, it is half as large.
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C. FABRICATION OF THE ROBOT
Rapid prototyping techniques such as 3D-printing and
2D-LASER cutting are used for the fabrication of the com-
plete robot structure. This enables easy replication of the
entire robot prototype.

Robot feet are fabricated using the 3D-printing operation.
First, all the small components of the feet frame are 3D
printed using ABS (Acrylonitrile Butadiene Styrene) thermo-
plastic (see Figure 6(A-i)), and then they are glued together to
form the foot frame as seen in Figure 6(A-ii). Low chromium
stainless steel blades of thickness 0.09 mm are used to make
the compliant fingers, which mimic the toe-claw fingers of
a real lizard. First, the edges of the blades are made blunt
using emery paper; after that, they are cut into the required
shapes and sizes. Holes are punched in it to attach threads.
These processed blades are finally inserted in the foot frame
as a top and bottom blade and stuck with the superglue
Figure 6(A-iii)). Finally, this setup is assembled on the front
and the rear legs with helical springs and inextensible threads
(see Figure 9).

Robot legs and spine are fabricated using the 2D-LASER
cutting operation. A 3mm thick Polyoxymethylene (POM)
thermoplastic sheet is used as the material. Perforations
are made to reduce the overall weight of the robot (see
Figure 6(B) and 6(C)).

Customized servo horns are made using the 2D-LASER
cutting operation. Raster andVector operations are performed
on a 5mm thick Polyoxymethylene (POM) thermoplastic
sheet to get the desired shape. Grooves are handcrafted on the
top and the bottom sides of the horn using sharp cutting tools.
When threads are tied using a special knot, these grooves help
lock them to a specific length. (See Figure 6(D))

III. LOCOMOTION CONTROL
The robot uses a trot-based gait for its locomotion (see
Figure 7(A)). This trot-based gait is realized using two move-
ments: a) sticking and peeling movement of the feet and
b) synchronized front and rear leg swinging. Each foot’s
sticking and peeling movement takes place with the help
of a servo-actuated prismatic joint. In contrast, the synchro-
nized front and rear leg swinging happen with the help of a
servo-actuated revolute joint present between the spine and
the leg. This synchronized front and rear leg swinging is
produced using a pair of the phase-lagged coupled oscillator,
whose equations are given below:

θf = A sin(ωt)+ γ (16)

and

θr = A sin(ωt + π )− γ, (17)

where, θf represents angular-displacements of the front joint,
θr represents angular-displacements of the rear joint, γ rep-
resents the offset from the neutral position, ω represents the
joint actuation frequency, A represents the joint actuation
amplitude, and t represents time.

FIGURE 6. Fabrication: A) Foot: (i) basic components, (ii) 3D printed parts
glued together, (iii) the final structure, B) Spine: a) slot for the rear servo
motor, b) place for on-board power supply related electronics, c) place for
the motor control shield, d) slot for the front servo motor, C) Legs: a) slots
for threads, b) slot for foot frame cylinder, c) slot for foot servo motor,
d) internal gear slot for front and back servo motor shaft, D) Servo horns:
i) top view, i) bottom view, iii) side view, a) handcrafted grooves, b) holes
through which threads pass, c) internal gear teeth.

A gait diagram is shown in Figure 7(B), in which one
complete gait cycle is shown. On the x-axis, time is shown
in milliseconds; similarly, on the y-axis, the footpad number
is shown. Dark horizontal lines show the time for which a
particular footpad is attached to the climbing surface (also
known as support period). For the remaining time, the footpad
remains detached from the climbing surface. Each footpad
remains attached for 75% of the cycle time. So, the duty
factor, which is a ratio of the support period and the cycle
time [51] of each footpad is 75%.

For taking a left or right turn, the front and rear legs need
to get offset w.r.t. the neutral position (see Figure 7(C)) in
one particular direction. This offset is provided with the help
of γ (see equations 16 and 17). However, choosing a γ value
should ensure the following condition: A+γ < min(M , π/2)
which means the sum of the joint amplitude and the offset is
smaller than themaximumdisplacement limit of the actuating
servo motors and under no condition, the legs collide with the
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FIGURE 7. Control scheme for locomotion: (A) schematic of the trot-gait,
(B) gait diagram, (C) actuation of front and rear legs, (D) guidance law
based on LoS, and (E) an overview of controller feedback loop.

spine. Here,M represents themaximum displacement limit of
the actuating servo motor.

LoS-based guidance technique is employed in this paper
(see Figure 7(D)), in which first, the error eψ in terms of
the angle between the robot’s current position and the goal
position is calculated. Then this error is used to find out the
offset value γ as follows:

eψ = atan2(yg − yr , xg − xr )− φ (18)

γ = Keψ , (19)

where, eψ represents the error, (xr , yr ) represents point on
the robot, (xg, yg) represents goal location, φ represents
angle with horizontal axis, K represents proportional gain.
The overall controller feedback loop has been shown in
Figure 7(E).
Each servo-actuated joint (1.8 kg-cm torque capacity) is

controlled with the help of an Arduino Nano Board [52],
which has an Atmel Atmega328 microcontroller and the
interfacing electronics in the form of a shield (see Figure 8).
The shield is designed and fabricated inhouse on a two-sided
Printer circuit board (PCB). The schematic and board view
of the designed shield is shown in Figure 8(A) and 8(B).
An on-board power supply is provided with a 2S 480mah
Li-po battery which is stepped down to get a 5V regulated
power supply with the help of a DC-DC buck converter.
A 2.4GHz bluetooth module (HC05) is used for wireless
communication between the robots and the command and
control center. A spy camera of 5MP resolution is present
on the robot for capturing the videos and live streaming it
online. This camera setup is a combination of a Raspberry Pi
Zero W board [53] and a 5MP OV5647 spy camera module.
The spy camera module helps in capturing the video and
the Raspberry Pi Zero W board helps in processing it and
streaming it online.

FIGURE 8. Motor control shield: A) schematic view of the circuit, B) board
view of the circuit, C) top and bottom layers of the fabricated PCB, and
D) fully assembled shield on the robot.

FIGURE 9. Fully assembled robot: A) front leg, B) rear leg, C) spine,
D) sticky foot, E) motor control shield, F) Arduino-Nano Board,
G) bluetooth module, H) lithium-polymer battery, I) dc-dc buck converter,
J) power switch, K) micro servo motor, and L) custom made servo horn.

IV. EXPERIMENTAL RESULTS AND DISCUSSION
This section presents results of the following three
experiments:
• vertical climbing with and without dead payload,
• vertical climbing with on-board spy camera, and
• modeling and LoS-based waypoint tracking in Cop-
peliaSim.

A fully fabricated and assembled robot is shown in Figure 9.

A. VERTICAL CLIMBING WITH AND WITHOUT
DEAD PAYLOAD
An experimental climbing surface is created at PLANR1 Lab-
oratory for testing the climbing capabilities of the designed
robot. The climbing surface is createdwith the help of a 60 cm
long transparent acrylic sheet with distances marked on it.
The climbing angle is set to 90◦.

The offset value γ is set to 0, and the peak amplitude is
kept as 20◦. The duty factor of the trot-gait is set to 75%.

1Programming LANguages & Robotics (PLANR) Lab, IIT Patna
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FIGURE 10. Snapshots of robot carrying a 20 gm payload while climbing a
vertical surface at different times: (a) 0 sec, (b) 10 sec, (c) 20 sec, and
(d) 28 sec. (See multimedia extensions 1 and 2).

The experiments are done in two phases. In the first phase,
no payload is attached to the robot. Fresh adhesive pads are
stuck to the fingers. The robot is placed on the climbing
surface, and a command to move forward is issued. The
robot climbs a distance of 35 cm (1.8 body length) in 25 sec
with an average velocity of 1.4 cm/sec. Without replacing
the adhesive pads, the experiment is repeated, and this time
the robot could climb a distance of 26 cm (1.4 body length)
in 20 sec with an average velocity of 1.3 cm/sec. In the
second phase, a 20g payload is attached to the robot, and fresh
adhesive pads are attached to the fingers. With this setting,
the robot could climb a distance of 35 cm (1.8 body length)
in 28 sec with a velocity of 1.25 cm/sec (see Figure 10). The
videos of the above experiments can be viewed in multimedia
extensions 1 and 2.

B. VERTICAL CLIMBING WITH ON-BOARD SPY CAMERA
Another experiment was performed with the same setup men-
tioned above where a Raspberry Pi Zero W board [53] along
with a spy camera module is mounted on the robot (see
Figure 11). Raspberry Pi ZeroW board is placed on the spine,
whereas the spy camera module is placed on the robot head.
This setup is powered from the on-board power supply of the
robot. The spy camera module used has a fixed focus with a
native resolution of 5MP,maximum frame rate of 30fps, and a
Field-of-view (FoV) of 64 x 48 degrees. It has a Camera Serial
Interface (CSI) which connects directly to the Raspberry Pi
Zero W board. The Raspberry Pi Zero W board has on-board
wireless LAN (802.11 b/g/n) through which it can send the
live video stream captured by the spy camera module to any
client device connected to it. The overall weight of this setup
was around 10g. The robot was able to climb the vertical
surface with an average velocity of 1.09 cm/sec along with
video recording and live streaming it online (see multimedia
extension 3).

C. MODELING AND WAYPOINT TRACKING
IN COPPELIASIM
A robot model is constructed and simulated in the
CoppeliaSim environment (see Figure 12(A)). CoppeliaSim

FIGURE 11. Vertical climbing with on-board spy camera. (See multimedia
extension 3).

is a versatile, scalable, yet powerful general-purpose robot
simulation framework [54].

At first, the SOLIDWORKS model of the robot is con-
verted to the ‘.stl’ file format. These ‘.stl’ files are then
imported as a mesh file in the CoppeliaSim environment.
After that, CoppeliaSim specific changes are made so that the
robot becomes respondable to the simulation environment.
Revolute joints are added on the front and back side of
the spine between front and the back legs. Prismatic joints
are added between all four foot and each ends of the legs.
To simulate the curling motion of the compliant fingers, the
top and bottom blades are divided into multiple segments and
these multiple segments are joined with each other with the
help of revolute joints.

The adhesive pads are attached to the bottom blades with
the help of dummy objects. Adhesion is achieved with the
help of force element and proximity sensor. A combination
of force element and proximity sensor is attached to each foot
of the robot. The proximity sensor detects contact between
the foot and the climbing surface. When the distance between
the foot and the climbing surface is less than the threshold, the
normal force is increased using the force element. By chang-
ing the normal force, the friction force acting between the foot
and the surface can be altered, and it is assumed that this force
acts as the adhesion force between the foot and the climbing
surface. A Lua [55] script is written in order to move the robot
from one point to the other point. A video of the simulated
robot can be seen at multimedia extension 4.

In a different experiment, in the CoppeliaSim environment,
a camera is attached to the robot. The robot is made to climb
a vertical wall following a series of waypoints using the
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FIGURE 12. CoppeliaSim: A) robot model construction, B) LoS-based
waypoint tracking with on-board spy camera. (See multimedia extensions
4 and 5).

LoS-based guidance technique (see Figure 12(B)). A vision
sensor available in the CoppeliaSim is used as a camera, and
it is mounted on the anterior portion of the robot in such a
way that while climbing one wall in a room, it can easily see
other walls. The camera used on the robot has a resolution of
512× 512 pixels, and it has a FoV of 90◦ × 90◦.
A realistic experimental setup of a closed room is created

in the CoppeliaSim using the available 3D model objects like
people, chairs, tables, windows, doors, and walls. Textures
are added to make the room more realistic. Each 3D model
object is set to be measurable, collidable, and detectable so
that sensors can sense these objects. A path made up of
waypoints is created on awall using the pathmodule available
in the CoppeliaSim. These waypoints are used as an input
to the controller for LoS-based guidance. The controller for
LoS-based guidance is already described in this paper (see
section III). An interface between the CoppeliaSim and the
Robot Operating System (ROS) [56] is created in order to
make the best use of both and exchange the required data
between each other. CoppeliaSim captures videos through the
robot camera and sends them to the ROS through a ROS topic
to which ROS is subscribed. ROS can then use this video

stream for further processing. Similarly, ROS publishes robot
joint angles calculated by the LoS-based guidance controller
on a different ROS topic, and CoppeliaSim gets this data
as it is subscribed to this ROS topic. These joint angles
are then used to move the robot to follow the desired path.
Multimedia extension 5 show the robot following waypoints
while climbing.

V. CONCLUSION
We developed an untethered lizard-inspired quadruped wall
climbing robot based on PSA adhesion. A new adhesion and
peeling mechanism is designed and reported in this paper,
which enables an easy attachment and detachment on the
climbing surfaces. This paper also reports a climbing stability
criteria based on pitching moment. A detailed simulation
model of the robot with path following experiments has also
been reported in this paper. The robot can climb on vertical
walls with an average speed of 1.35 cm/s without payload
and 1.25 cm/s with a payload of 20 gm. The robot can
also carry a spy camera that can record videos and stream
it online during vertical climbing. The entire robot is built
using rapid prototyping techniques such as 3D-printing and
2D-LASER cutting, allowing quick replication, which will be
useful for building a swarm of similar robots for surveillance
applications.

We are currently in the process of further miniaturiz-
ing the robot and adding an active tail for better stability
while climbing. To deal with dusty surfaces micro-fibrillar
dry adhesives [36]–[38] may be incorporated for improved
performance. Online video analytics can be performed for
surveillance applications. We believe that the quiet operation
of the developed lizard-inspired robot can inspire research
on swarm of such robots which can be used in various
applications such as surveillance and reconnaissance. Swarm
of climbing robots can also find applications in cleaning,
repairing, and space.

APPENDIX
MULTIMEDIA EXTENSIONS
Details of all the multimedia extension files are provided
in Table 1.

TABLE 1. List of multimedia extension files.
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