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Abstract

Rigid pipes are used in almost every walks of life, starting from industries to

domestic household for the transportation of fluids. All these pipes are subjected

to wear and tear after a period of time. Any such wear and tear of the pipes

leads to the disruption of supply lines in residential areas and may lead to a major

accident in industries. Hence, the structural health of the pipes, especially in

industries, is to be inspected on a periodic basis for any flaws or cracks. Apart

from the dangers associated with the inspection of the toxic fluid carrying pipes,

many a time some portion of the pipelines are situated at such remote locations

or at heights where the human workers are unable to reach. Hence, there is a need

to develop a pipe climbing robot to suit the industrial needs, with a payload to

weight ratio greater than 0.5 and the overall load bearing capacity greater than

1 kg. Also, it should have a structure similar to a parallel manipulator so that

industrial equipment can be kept or mounted on it.

The pipe climbing robot considered in this work has a motion similar to that of

an inchworm as inchworm type pipe climbing robots have a better load carrying

capacity as compared to their wheeled counterparts. The gripper in the proposed

robot uses a bistable buckled beam, which is one of the types of bistable compliant

mechanism. A bistable buckled beam is chosen as the gripping mechanism as it

has two stable equilibrium states and no power or energy is required to maintain

the stable states. The bistable buckled beam in the gripper of the proposed robot

is alternately actuated between its two stable equilibrium states by a mechanical

drive system involving cams and lever. The values of the design parameters of

the bistable buckled beam are obtained both experimentally and numerically. De-

pending on the dimensions of the bistable buckled beam and the pre-stress it is

subjected to, the cam profiles are also designed following the standard procedures.

The proposed robot is modelled and the working and simulation of its different

parts are checked in Solidworks.

After designing the gripper, two climbing mechanisms are proposed both of which

are compatible to the designed grippers. One is based on a prismatic (or lead-

screw based) joint for climbing straight vertical pipes and the other is based on a

revolute-revolute-revolute-prismatic (RRRP) climbing mechanism having a three

dimensional workspace, for climbing any bend pipe including ninety-degree bend

pipes. The working of both the mechanisms is discussed. The end-effector po-
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sitions of the RRRP climbing mechanism are generated by making use of its

workspace. Then, a soft computing technique, namely, adaptive neuro-fuzzy in-

ference system (ANFIS) is used to obtain the joint angles corresponding to the

different end-effector positions of the climbing mechanism. The trajectory between

the two points is planned in joint space using the method of modified linear func-

tion with parabolic blends. After that, the Euler-Lagrange equations of motion of

the climbing mechanism are derived. These equations are evaluated to obtain the

nominal torques acting at the joints.

After the dynamic analysis of the climbing mechanism, a proportional-integral-

derivative (PID) control law is used in a RRRP serial pick and place robot for

trajectory tracking of the joints of the robot. The feedback gains of the PID

control law are tuned using Floquet theory. The advantage of using Floquet

theory for RP class of serial manipulators is that no information is required on the

bounds of the inertia matrix and the Jacobian of the gravity vector. The successful

demonstration of Floquet theory for a RRRP pick and place robot shows that it

can also be used for accurate trajectory tracking in the proposed RRRP climbing

mechanism.

After designing the grippers and the climbing mechanism, the parts of the robot

are fabricated and assembled. The pipe climbing robot for straight vertical climb-

ing is only fabricated. The working of the pipe climbing robot is successfully

demonstrated on a polyvinyl chloride (PVC) pipe of 110 mm diameter. The de-

signed and developed pipe climbing robot has a payload to weight ratio of 0.52,

overall load bearing capacity of 11.69 kg, a power consumption of 18.58 W and a

speed of 0.2 m min−1.

The thesis has five chapters. Chapter 1 gives a brief introduction on pipe climbing

robots and the motivation behind the design and development of a pipe climbing

robot. This chapter also carries out the scientific and comprehensive analysis of

literature. Chapter 2 discusses the model and the design process of the gripping

mechanism. The model of the climbing mechanism and its dynamic analysis are

given in chapter 3. After the design of the mechanisms, chapter 4 discusses the

development of the pipe climbing robot, which includes the fabrication, materials

used and electronics. Lastly, chapter 5 concludes the thesis with a scope for future

work.
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Chapter 1

Introduction and Literature

Review

1.1 Introduction

This chapter introduces and discusses the need for research on pipe climbing

robots. It has six sections, out of which section 1.2 discusses about pipe climbing

robots, their application, locomotion and challenges. A very comprehensive and

scientific analysis of literature is carried out in section 1.3. After the review of

the literature, the technical gaps are identified, which are given in section 1.4.

The objective and organization of the thesis are given in sections 1.5 and 1.6,

respectively.

1.2 Pipe Climbing Robots

A pipe or pole climbing robot is a robot that climbs rigid pipes which are at

an angle of ninety degrees from the ground. The pipe climbing robots can be

classified as internal or external depending on the surface of the traversal of the

robot. The pipe climbing robot, in this thesis, refers to an external pipe climbing

robot. Rigid pipes are widely used in chemical, petroleum, pharmaceutical, nuclear

and shipbuilding industries for the transportation of fluids. Apart from industries,

pipes are also used in residential areas for the transportation of water to homes

and sewage to treatment plants. These pipes get damaged after prolonged use. In

industries like nuclear and petrochemical, pipes are subjected to corrosion. While

corrosion in nuclear pipes is due to fast-flowing water and wet steam (Wu, 1989),

corrosion in pipes in refineries is mostly due to hydrogen sulphide (Tandy, 1954).

This leads to wall thinning of the pipes. Also, the pipes may develop flaws and

cracks. A pipe with a crack under operation may lead to a major accident in the

plant leading to the death of workers and the entire unit or plant may remain shut

for days together (Wu, 1989; Tandy, 1954). Also, corrosive fluids may leak into
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the outside environment and contaminate the surroundings. Hence, the pipes in

these industries are inspected on a periodic basis for cracks or any flaws.

The present practice involves human beings, by putting their life at risk, inspecting

pipes with the help of non-destructive testing (NDT) equipment (Han et al., 2016).

Many a time, the pipes are located at such locations which are inaccessible to

humans (Kim et al., 2018). Hence, there is a need to develop pipe climbing robots

that could inspect the pipes in addition to carrying the NDT equipments. A pipe

climbing robot will not just save human lives but will also help the industries to

avert any accident. Apart from inspecting pipes in industries, the pipe climbing

robots can also be used for many other applications. They can be used for climbing

palm, areca nut and coconut trees for harvesting, for cleaning and changing bulbs

from electric poles, for inspecting cables in cable-stayed bridges and for surveillance

and search operations.

The pipe climbing robots have different locomotion and gripping techniques. As

it can be observed in the literature that most of the already existing pipe climbing

robots have either a wheeled locomotion or a step-by-step locomotion. A pipe

climbing robot with a step-by-step locomotion resembles the motion of an inch-

worm and hence can be called as an inchworm robot. Wheeled robots are generally

preferred over inchworm robots when the robot needs to move at higher speeds

with minimal payload whereas inchworm robots are preferred when the robot

needs to move with higher payloads and lesser speeds (Tavakoli et al., 2010). In a

wheeled robot, wheels are pushed against the walls of the pipe which provide the

grip and these wheels rotate to drive the robot in upward or downward direction.

In an inchworm robot, there are two grippers which are connected to each other

by a linear translatory mechanism or a two, three, four or five degrees of freedom

climbing mechanism. The translatory motion of a typical inchworm type pipe

climbing robot is shown in Fig. 1.1. The robot in Fig. 1.1 has two grippers A and

B. After assembling the robot around the pipe, the grippers A and B are in the

clamped position at points 1 and 2 respectively. Gripper B is freed first and then

a translational mechanism pulls it towards gripper A, up to point 3. Then, the

gripper B is clamped at point 3 and gripper A is freed. The translational mecha-

nism pushes gripper A away from gripper B up to point 4. Then, the gripper A

is clamped at point 4 and the gripper B is again freed and pulled by the trans-

lational mechanism towards gripper A. This process repeats itself, thus resulting

in climbing motion. In the literature, this translatory motion between the two

grippers is generally actuated by using a stepper motor driven lead screw or by

using a pneumatically actuated linear actuator. The two grippers in an inchworm

type pipe climbing robot are also connected by four and five degrees of freedom

climbing mechanism. In these kinds of climbing mechanisms, most of the joints

are revolute.

The gripping mechanism of a pipe climbing robot depends on the locomotion of
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Figure 1.1: Locomotion of an inchworm type pipe climbing robot

the robot. In wheeled robot, wheels act as the grippers. Some wheeled pipe

climbing robots also use magnetic wheels. Each gripper in inchworm type pipe

climbing robots consists of a circular ring or a pair of V shaped gripping modules.

These gripping modules are actuated either pneumatically or electrically. Most of

the existing pipe climbing robots use motors and proportional-integral-derivative

(PID) control law to control the overall motion and the force exerted by the grip-

pers. The commonly used sensors include encoders, infra-red (IR) sensors, inertial

measurement unit (IMU), accelerometers and force sensitive resistors (FSR).

One of the challenges of climbing robots is the availability of a proper gripping

force, without which the robot begins to slip. The existing climbing robots increase

the gripping force by using pneumatic cylinders or by using electrically driven

actuators. A larger gripping force would result in larger pneumatic cylinders,

which in turn would increase the weight of the robot. Also, both the pneumatically

and electrically driven grippers consume energy throughout the working of the

robot. To overcome these challenges, there is a need to develop a mechanism that

provides a greater gripping force without increasing the weight of the robot. A

large ratio of gripping force to the weight of the robot would increase the payload of

the robot. Also, the gripping mechanism should consume less energy as compared

to the existing grippers.

The other challenge of climbing robots is that there shouldn’t be any unbalanced

moment acting on the robot. The presence of any unbalanced moment would cause

the robot to tip over and fall, as the gripping on the pipe won’t be proper. To

overcome this challenge, it is necessary that the center of gravity of the gripping

mechanism and the climbing mechanism should be at their respective centres so

that the net moment acting on the gripper and consequently, the robot is zero.

The climbing mechanism needs to be compatible with the grippers. The climbing

mechanism needs to push and/or pull the grippers alternately. In the literature,
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the inchworm type climbing robots have employed electrically driven lead screw,

pneumatically driven Universal-Prismatic-Spherical (UPS) kinematic chains, elec-

trically driven four degrees of freedom serial chain mechanisms, to name a few.

There is a need to select a suitable climbing mechanism, based on its compatibility

with the grippers, ease of control and economic feasibility. A pipe climbing robot

with these primary characteristics can be put to large-scale production and used

in industries and other domestic applications.

After the selection of a suitable clamping and climbing mechanisms, a suitable

control strategy has to be devised for the control of the climbing robot. Without

a proper control, the joints in the climbing mechanism of the robot would not be

able to track the trajectories precisely. This is because the equation of motion

of the climbing mechanism does not take into account the presence of friction,

backlash in the gear mechanism of the motors, noise or disturbances, to name a

few. Moreover, in the equation of motion of the climbing mechanism, it is very

difficult to precisely compute the inertia matrix, Coriolis force vector and gravity

loading force vector. A closed-loop control scheme can overcome the limitations

of friction, backlash, disturbances and can track the trajectories of the joints of

the climbing mechanism accurately in time. Thus, there is a need to select a

suitable control law which can ensure accurate trajectory tracking of the joints of

the climbing mechanism of the robot.

1.3 Literature Review

This section reviews and classifies the existing pipe or pole climbing robots on the

basis of their locomotion, gripping, control and sensors. The pipe climbing robots

have been further sub-classified into snake, inchworm, wheeled, legged, snake cum

wheeled and inchworm cum wheeled robots, on the basis of their locomotion. The

details of the locomotion are given in subsection 1.3.1. On the basis of gripping,

the robots have been grouped into electrically actuated gripping, pneumatically

actuated gripping, gripping due to magnets, springs and self-weight. The details of

the gripping are given in subsection 1.3.2. These robots have also been arranged in

tabular form on the basis of their structure, manoeuvrability, actuation, payload

and energy consumption. Apart from the pipe climbing robots, some wall climbing

and pipe crawling robots are also discussed as the grip and gait of these robots

can be extended to pipe climbing robots. The control strategies and sensors used

by the pipe climbing robots are given in subsections 1.3.3 and 1.3.4, respectively.

After reviewing the external pipe climbing robots, this section also looks into the

existing bistable grippers and bistable compliant mechanisms, the details of which

are given in subsections 1.3.5 and 1.3.6, respectively. The literature relating to

adaptive neuro-fuzzy inference system (ANFIS) is given in subsection 1.3.7. This

section also reviews the different techniques used for designing the feedback gains
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of a proportional-integral-derivative (PID) controller applied to revolute-prismatic

(RP) class of mechanisms, the details of which are given in subsection 1.3.8. This

section ends by summarising the findings in subsection 1.3.9.

1.3.1 Locomotion in External Pipe Climbing Robots

The locomotion of pipe climbing robots is important as it decides the gripping

mechanism of the robots. Each class of robots has a different gripping mecha-

nism based on its locomotion. This subsection classifies the pipe climbing robots

into five groups on the basis of their locomotion. They are :- Snake robots, inch-

worm robots, wheeled robots, legged robots and robots with combination of two

locomotions.

1.3.1.1 Snake Robots

Real snakes exhibit four main types of locomotion, namely, lateral undulation,

sidewinding, concertina and linear progression (Gray, 1946). However, snake

robots exhibit both biological and non-biological gaits (Lipkin et al., 2007). The

advantage of snake robots is that they are hyper-redundant and hence robust. The

failure of one joint does not affect the overall working of the robot (Wright et al.,

2007). In most of the snake robots, many configurations of the snake robot are

sampled along different curves. Then, that curve is chosen or approximated by

the robot’s joint motions which has the effect of propelling the robot forward.

The snake robot of Lipkin et al. (2007) has 16 modules which are connected by

revolute joints. The single degree of freedom joints of the robot exhibit yaw-pitch-

yaw-pitch-yaw- · · · motion. For climbing outside of the pipes, the robot makes use

of rolling, a differentiable non-biological gait. The robot forms a helix around the

pipe and then rolls about its own axis to climb up. The same locomotion is also

exhibited by HyDRAS, the snake robot of Goldman and Hong (2008) with the

exception that in place of revolute joints, the modules in HyDRAS are connected

by universal joints. The snake robot of Rollinson and Choset (2013) can climb

pipes of variable diameters. They have proposed a gait based control technique

that equips the robot to climb a pipe with changing diameter autonomously. The

robot of Takemori et al. (2016) can climb pipes with flanges. The authors provide a

bridge in the middle of the helical rolling gait, to overcome obstacles, like flanges

in pipes. A combination of shift control strategy along with the rolling of the

robot ensures that the robot smoothly climbs the pipe with flanges and with no

collisions. Zhou et al. (2017) have proposed a spring like gait for a snake robot

that can climb discontinuous pipes, that is, pipes with same diameter but kept

one over the other with some distance in longitudinal direction. The proposed gait

can also climb a pipe with varying diameter. The robot of Yaqub et al. (2019)

can also climb a pipe with varying diameter. They have proposed a spiral gait
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(a) Lipkin et al. (2007) (b) Goldman and Hong
(2008)

(c) Rollinson and Choset
(2013)

Figure 1.2: Snake robots

curve along with rolling motion, in place of a helical rolling motion, that enables

the robot to climb pipes with variable diameters.

The joints of the snake robots are electrically actuated and generally use servo

motors or motors with some servo mechanism.

1.3.1.2 Inchworm Robots

The robots discussed in this subsection have a motion similar to that of an inch-

worm or a leech. This locomotion can also be called as a “grasp-push-grasp” mo-

tion (Ripin et al., 2000) or “clamp and push” motion (Singh and Ananthasuresh,

2012) or “step-by-step” motion (Tavakoli et al., 2011). In this kind of motion,

there are two clamps or grippers which may be connected through a single or

more degrees of freedom climbing mechanism.

One of the earliest external pipe climbing robots of this kind would be of Ripin

et al. (2000). This robot uses two grippers for gripping the pipe and two arms, con-

necting the two grippers at the two ends, for climbing up and down. The two arms

are arranged as a planar two link revolute-revolute-revolute (RRR) mechanism.

Almost during the same time, Saltarén et al. (1999, 2005), Aracil et al. (2000,

2003) and Almonacid et al. (2003) came up with a robot based on Gough-Stewart

parallel platform. The Gough-Stewart platform based robot has six prismatic

joints (P), each of which is joined to the two grippers through a universal joint

(U) on one end and a spherical joint (S) on the other end. Hence, the climbing

mechanism is a 6-UPS parallel mechanism. This robot has two prototypes. The

first prototype of the robot can climb straight pipes and pipes with less curvature

or bend. The second prototype of the robot is capable of climbing pipes with

high curvature or pipes with 90° bend. The second prototype of the robot has the

same structure as the first prototype with the only difference that in the second

prototype, the pipe lies outside the robot whereas in the first prototype, the pipe

lies inside the robot. As opposed to a parallel robot, Vossoughi et al. (2004) and

Tavakoli et al. (2005) came up with a hybrid robot. The climbing mechanism of

this robot uses a combination of both serial chain and parallel mechanisms. In
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place of a Gough-Stewart platform, they use a 3-RPR parallel mechanism. The

base of the 3-RPR parallel mechanism can be rotated. This robot can climb bent

pipes. There are also robots which have a single degree of freedom climbing mech-

anism such as the robots of Lau et al. (2013), Khalid et al. (2015) and Das et al.

(2016). Lau et al. (2013) use a slider crank chain mechanism, Khalid et al. (2015)

use a single linear actuator and Das et al. (2016) use a pair of linear actuators as

the climbing mechanism.

The structure of Raupi robot by Maempel et al. (2009) and Mampel et al. (2009)

is similar to the robot of Ripin et al. (2000). Both the robots have a kind of

serial chain climbing mechanism. Raupi can climb 90° bent pipes and also pipes

in skewed configuration. 3DCLIMBER robot developed by Tavakoli et al. (2008,

2010, 2011) has a RRR serial chain climbing mechanism and the base of the RRR

mechanism can be rotated about the longitudinal axis of the pipe. This robot can

climb over 90° bent pipes and T-junctions. Climbot robot by Guan et al. (2009,

2011, 2016) has five degrees of freedom serial chain climbing mechanism. All the

joints are revolute in the climbing mechanism. The first and the fifth joints have

the same axes of rotation and are perpendicular to the axes of rotation of the

second, third and fourth joints, which have the same axes of rotation. Apart from

the inchworm gait, the robot also has a swinging-around gait and flipping-over gait

which are much faster than the inchworm gait. Climbot is capable of moving pipe

bends, T-junctions and has enough manipulability to unscrew a light bulb. PiROB

robot by Kim et al. (2012, 2016, 2018) has also the same structure as Climbot with

a five degrees of freedom climbing mechanism. This robot is used for spray pipe

inspection in nuclear plants. The robot of Faizal et al. (2015) is also very similar in

structure to the robot of Ripin et al. (2000). Both the robots use a planar two link

RRR mechanism. The robot of Yao et al. (2015) has four degrees of freedom serial

chain climbing mechanism, all of which are revolute joints. The first, third and

fourth joints have the same axes of rotation and are perpendicular to the second

joint’s axis of rotation. The second joint enables the robot to change its direction

while moving upwards. Qiaoling et al. (2019, 2020) present a micro pole-climbing

robot. The climbing mechanism of the robot consists of a five bar serial chain

mechanism. The five bar mechanism has four joints in it. Just like Climbot by

Guan et al. (2009, 2011, 2016) and PiRob by Kim et al. (2012, 2016, 2018), this

robot can also exhibit flip-over gait in addition to inchworm gait. iCrawl robot by

Khan et al. (2020) is a five degrees of freedom robot. The robot has two gaits - a

step gait and a sliding gait. This robot can move over flanges and T-junctions.

There are also robots which are made of pneumatic artificial muscles (Singh et al.,

2019; Jiang et al., 2020; Xie et al., 2020). The robot of Singh et al. (2019) is

made of pneumatic artificial muscles called FREE (Fiber Reinforced Elastomeric

Enclosure). This robot uses two types of FREEs, namely, extending FREEs and

bending FREEs. This robot can climb curved pipes. Jiang et al. (2020) propose a
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(a) Tavakoli et al. (2005) (b) Khalid et al. (2015) (c) Tavakoli et al. (2011)

(d) Guan et al. (2011) (e) Faizal et al. (2015) (f) Qiaoling et al. (2019)

(g) Xie et al. (2020) (h) Khan et al. (2020) (i) Maempel et al. (2009)

(j) Singh et al. (2019) (k) Jiang et al. (2020)

Figure 1.3: Inchworm robots

multimodal pipe climbing soft robot with origami clutches and soft modular legs.

The climbing mechanism consists of a soft linear actuator. The origami clutches

are selectively inflated depending on the curvature of the pipe and hence steer the

robot on a curved pipe. The robot can move on curved pipes with a maximum

bend of 45° with respect to horizontal axis. The robot of Xie et al. (2020) is a one

piece 3D printed modular pipe climbing robot. The robot has two grippers and a

middle section. The entire robot is made of membrane like cylinder unit (MLCU).

MLCUs are connected end to end to form the gripper and the middle section. The

locomotion and the actuation of this robot is similar to the robots of Singh et al.

(2019) and Jiang et al. (2020). However, unlike the robots of Singh et al. (2019)

and Jiang et al. (2020), this robot can move on vertical pipes with 90° bends.
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Table 1.1: Classification of inchworm robots on the basis of degrees of
freedom (d.o.f.), stiffness and structure of their climbing mechanisms

d.o.f.
Rigid

Soft
Serial chain Parallel Hybrid

1 Ripin et al. (2000), Lau et al. (2013), — —
Faizal et al. (2015) Khalid et al. (2015),

Das et al. (2016)

4 Tavakoli et al. (2008, 2010, 2011), — Vossoughi et al. (2004), —
Yao et al. (2015), Tavakoli et al. (2005)

Qiaoling et al. (2019, 2020)

5 Maempel et al. (2009), — — —
Mampel et al. (2009)

Guan et al. (2009, 2011, 2016),
Kim et al. (2012, 2016, 2018),

Khan et al. (2020)

6 — Saltarén et al. (1999, 2005), — —
Aracil et al. (2000, 2003),
Almonacid et al. (2003)

Infinite — — — Singh et al. (2019),
Jiang et al. (2020),

Xie et al. (2020)

1.3.1.3 Wheeled Robots

Wheeled robots are robots that are fitted with wheels and have a continuous

motion. They are unlike inchworm robots, that have a step-by-step motion, and

snake robots, that move like sledges. Wheeled robots have faster locomotion as

compared to inchworm and snake robots. However, their load carrying capacity is

less as compared to inchworm or step-by-step robots (Tavakoli et al., 2008, 2010,

2011).

The structure of wheeled robots is generally of two types. In the first type, a

casing surrounds the pipe from all sides and wheels attached to the casing are

pressed against the walls of the pipe, like the ones in the works of Baghani et al.

(2005), Mahdavi et al. (2007), Noohi et al. (2010), Lee (2013), Sebastian et al.

(2015), Mishra et al. (2018), Khan and Prabhu (2018), Mustapa et al. (2018), Gao

(2020) and Carabin et al. (2020). In the second type, the robot is like a car and it

climbs the pipe. Robots of the second type, due to their structure, may also climb

walls in addition to climbing pipes. The car like pipe climbing robots can be found

in the works of Suzuki et al. (2006), Yukawa et al. (2006b,a), Sadeqi et al. (2008);

Sadeghi et al. (2008, 2012), Fauroux and Morillon (2010a,b), Tavakoli et al. (2013),

Tavakoli and Viegas (2014), Imajo et al. (2015), Fengyu et al. (2015), Wang et al.

(2016), Fan et al. (2018), Takeda and Shimoyama (2019), Huang et al. (2020) and

Jayasundara et al. (2020). These car like climbing robots are also used in space

applications (Estier et al., 2000).

The pole climbing robot of Baghani et al. (2005), Mahdavi et al. (2007) and Noohi

et al. (2010) has six limbs attached to a triangular frame. The three limbs are on
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the top side and the other three limbs are on the bottom side of the triangular

frame. Each limb is connected to a wheel at its tip. The bottom three wheels

are active and the top three wheels are passive. The robot is capable of moving

on straight vertical pipes and vertical pipes with steps. The robot of Lee (2013)

has a circumferential ring like structure that supports three wheels or driving

modules. The driving modules are placed at an angle of 120° from each other.

Each driving module has two degrees of freedom, one being the rotation of the

wheels and the other being, the linear movement of the wheels along the radial

direction. The pipe climbing robot of Sebastian et al. (2015) has four wheels. The

robot has a base that has two arms on both the sides. The robot has two modes

of operation, namely, differential drive and climbing. The robot approaches the

pole by using the differential drive mode. After the robot encircles the pole by

maintaining a proper grip, the robot uses the climbing mode. In the robot of

Mishra et al. (2018), an encapsulated compliant cage houses eight wheels in two

levels. Each level has four wheels surrounding the pipe circumferentially. Out of

eight, only four wheels are active. The robot of Khan and Prabhu (2018) consists

of a triangular aluminium casing, inside of which there are three wheels, one on

each side of the triangle. The robot of Mustapa et al. (2018) consists of a circular

mild steel casing, inside of which there are two wheels. In the robot of Carabin

et al. (2020), three wheels are attached to a circular frame through three arms.

The three arms are attached to the circular frame through revolute joints. The

other end of the three arms are attached to the wheels.

In car like climbing robots, the robot of Suzuki et al. (2006) and Yukawa et al.

(2006b,a) has three units, a front unit, a central unit and a rear unit. Each of

these three units again have two units each, right and left units. The six units

are connected to magnetic wheels at the contact points with the pipe. Each unit

has a driving part and a lifting part. There are twelve motors in the robot, six

for driving part and another six for lifting part. The robot has been specifically

designed and developed to overcome obstacles such as flanges on pipes. The robot

of Sadeghi et al. (2008, 2012) and Sadeqi et al. (2008) is inspired from a human

pole climber. The robot has has three wheels, two of which are free and the third

one is active. Just like a human pole climber uses a strap to grip himself to the

pole or tree, the robot also uses a strap arm. One of the free wheels is attached on

one end of the strap arm and the active wheel is attached to the other end of the

strap arm. To provide further stability to the robot, a spring leg is attached to the

strap arm. The spring leg enables the robot to climb pipes of variable diameters.

The latest prototype of Sadeghi et al. (2012) is much more improvised compared

to its previous prototypes (Sadeqi et al., 2008; Sadeghi et al., 2008) as the latest

prototype has a washing mechanism attached to it that helps it in washing street

lamps. Similar to the Pobot V2 robot of Fauroux and Morillon (2010a,b), the

robot of Sadeghi et al. (2012) is also inherently stable wherein the robot gets more

stable if more weight is carried. In the robot of Fauroux and Morillon (2010a,b),
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(a) Mahdavi et al. (2007) (b) Lee (2013) (c) Mishra et al. (2018)

(d) Khan and Prabhu
(2018) (e) Carabin et al. (2020) (f) Suzuki et al. (2006)

(g) Sadeghi et al. (2012) (h) Fauroux and Morillon
(2010b)

(i) Tavakoli et al. (2013)

(j) Imajo et al. (2015) (k) Wang et al. (2016) (l) Fan et al. (2018)

(m) Takeda and Shimoyama (2019)
(n) Jayasundara et al.
(2020)

Figure 1.4: Wheeled robots

two rollers are attached to the frame encircling the pipe. The rollers help in

climbing the pipe up or down. This robot can perform rotation about its axis, can

cross obstacles and can climb conical poles. OmniClimbers robot by Tavakoli et al.

(2013) is basically a wall climbing robot but it can climb pipes with diameters as

low as 300 mm. An advanced prototype of the OmniClimbers robot, developed

by Tavakoli and Viegas (2014) can climb pipes with diameters as low as 200 mm.

The robot has three omni-directional wheels, each placed at an angle of 120°
from each other. The use of omni-directional wheels gives the robot a superior

manoeuvrability. The wheels are attached on a flexible chassis which gives better
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adaptability to the robot to move on pipes with different curvatures. The robot of

Imajo et al. (2015) has two rimless wheels with spokes, on one end and two guide

wheels, at the other end. The tip of the spokes is attached with a neodymium

permanent magnet. The robot can climb on walls and only on pipes with a

large diameter. The robot of Wang et al. (2016) has a four-wheel configuration

and has a steering mechanism. It is an underwater robot and is used for the

removing of coatings from the pipe surfaces of offshore oil platform. Similar to the

robot of Wang et al. (2016), the robot of Fan et al. (2018) also has a four-wheel

configuration. However, they have incorporated the four wheel configuration with

a self-adaption mechanism. The self-adaption mechanism comprises of a passive

roll joint and the combined magnet adhesion unit. The passive roll joint is attached

in the middle of the body of the robot. Its axis is parallel to the front and the rear

axle of the robot. The self-adaption mechanism provides a better mobility to the

robot. This robot is also an underwater robot and is used for cleaning the jackets

of offshore oil platforms. The robot of Takeda and Shimoyama (2019) consists of

multiple-connected microrobots with magnetic wheels. This robot consists of ten

such microrobots connected to each other to form a closed circular chain. Each

microrobot has six wheels. The wheels are arranged in a way that there are four

wheels on the horizontal plane and there are four wheels on the vertical plane.

This robot has its application in small spaces such as inspection of smaller pipes

in power plants. ExPiRo robot by Jayasundara et al. (2020) consists of eight rollers

which move the robot along the axial direction of the pipe. The eight rollers are

arranged in two roller sets, each roller set consisting of four rollers. The rollers are

pushed against the pipe surface by a clutching mechanism based on parallelogram

four bar linkage. This robot can move on vertical pipes with varying diameter.

1.3.1.4 Legged Robots

The locomotion of most of the legged robots is similar to that of two-legged or

four-legged terrestrial creatures, like human beings and dogs, respectively. RiSE

V3 robot by Haynes et al. (2009) is a quadrupedal robot. Each leg in this robot has

two active degrees of freedom and the four legs are attached to the body. There

is an additional degree of freedom at the centre of the body to change posture.

This robot can climb wooden poles. Similar to RiSE V3 (Haynes et al., 2009), the

robot of Shin et al. (2010) also has four arms. Winspecbot robot by Kamagaluh

et al. (2012) also has four legs, though its structure is different as compared to

RiSE V3 (Haynes et al., 2009). The four legs are attached to the body and each

leg has four degrees of freedom. This robot has a trotting gait. At a time, two

legs remain attached to the surface and two legs, which are free, move. AnyClimb

robot by Liu et al. (2015, 2016a), has eight legs. It can climb on pipes externally

and also on vertical walls, walls with different curvatures. The robot comprises of

two rectangular frames, each frame with four legs. The two frames are connected
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(a) Haynes et al. (2009)
(b) Kamagaluh et al.
(2012)

(c) Liu et al. (2016a)

(d) Ito et al. (2019) (e) Ito and Ninomiya
(2021)

(f) Ito et al. (2020)

Figure 1.5: Legged robots

by a parallel four bar mechanism. The two frames move relative to each other to

generate the walking locomotion, used for climbing. To move on vertical curved

surfaces or on pipes, a compliant mechanism based asymmetric four bar mecha-

nism is used. The robot by Sano et al. (2017) is basically a wall climbing robot,

which can also be used in pipes and uneven surfaces. The robot has four legs.

The four legs are attached to the body and the body has a translational degree of

freedom. Each leg also has two translational degrees of freedom. TAOYAKA-III

robot by Aoyagi et al. (2017) and Ito et al. (2019) is a six-legged flexible robot.

There are three legs on each side of a flexible trunk. Each leg has five links and

all the joints in it are passive. Rubber belts are attached between the links. A

wire is attached on the other side of each leg. The wire is pulled to close in the

flexible leg around the pipe. The wire is pulled by a servomotor. Another servo

motor makes the leg move in up and down direction. TAOYAKA-V robot by Ito

and Ninomiya (2021) is same as TAOYAKA-III robot (Aoyagi et al., 2017; Ito

et al., 2019) except that TAOYAKA-V employs a clutching mechanism that en-

ables TAOYAKA-V to walk on horizontal surfaces, in addition to climbing pipes.

Also, in TAOYAKA-V, the flexible trunk consisting of one bellow in TAOYAKA-

III is replaced by three flexible bellows. TAOYAKA-S II robot by Ito et al. (2020)

is a soft robot. TAOYAKA-S II has eight flexible legs and the flexible trunk in it

consists of three flexible links. The soft robot is made of silicone.

1.3.1.5 Robots with Combination of Two Locomotions

There are some pipe climbing robots, the locomotion of which cannot be classified

as snake, inchworm, wheeled or legged. This is because the locomotion of these
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(a) Kamegawa et al.
(2009)

(b) Polchankajorn and Maneewarn
(2011a)

Figure 1.6: Snake cum wheeled robots

robots is a combination of two locomotions. The robots in this subsection can

be further classified into two more subsections. They are :- Snake cum wheeled

robots and Inchworm cum wheeled robots.

(a) Han et al. (2016)

Figure 1.7: Inchworm cum wheeled robot

1.3.1.5.1 Snake cum Wheeled Robots The robot of Kamegawa et al.

(2009) is similar to the robot of Lipkin et al. (2007) with the difference that

each module in this robot has two passive wheels. This robot has five modules

and ten degrees of freedom. Cylinder or pipe climbing is achieved by using a sim-

ple cylinder climbing gait and a helical cylinder climbing gait. For simple cylinder

climbing gait, the length of the robot should be shorter than the circumference

of the cylinder. The robot after encircling the pipe, rolls about its axis to climb

up or down. The helical cylinder climbing gait is used when the robot’s length

is greater than the circumference of the pipe. For helical cylinder climbing, the

robot forms a helix and then rolls about its own axis.
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ré

n
et

al
.

(1
99

9,
20

05
),

A
ra

ci
l

et
al

.
(2

00
0,

20
03

)
an

d
T

av
ak

ol
i

et
al

.
(2

00
8,

20
10

,
20

11
),

A
ra

ci
l

et
al

.
(2

00
0,

20
03

)
an

d
A

lm
on

ac
id

et
al

.
(2

00
3)

;
G

u
an

et
al

.
(2

00
9,

20
11

,
20

16
),

A
lm

on
ac

id
et

al
.

(2
00

3)
;

X
ie

et
al

.
(2

02
0)

K
im

et
al

.
(2

01
2,

20
16

,
20

18
)

V
os

so
u

gh
i

et
al

.
(2

00
4)

,
T

av
ak

ol
i

et
al

.
(2

00
5)

,
Q

ia
ol

in
g

et
al

.
(2

01
9)

,
L

au
et

al
.

(2
01

3)
,

K
h

al
id

et
al

.
(2

01
5)

,
F

ai
za

l
et

al
.

(2
01

5)
,

D
as

et
al

.
(2

01
6)

,
S

in
gh

et
al

.
(2

01
9)

,
J
ia

n
g

et
al

.
(2

02
0)

,
K

h
an

et
al

.
(2

02
0)

W
h

ee
le

d
R

ob
ot

s
S

eb
as

ti
an

et
al

.
(2

01
5)

,
M

is
h

ra
et

al
.

(2
01

8)
,

B
ag

h
an

i
et

al
.

(2
00

5)
,

—
—

K
h

an
an

d
P

ra
b

h
u

(2
01

8)
,

M
u

st
ap

a
et

al
.

(2
01

8)
,

M
ah

d
av

i
et

al
.

(2
00

7)
,

S
ad

eq
i

et
al

.
(2

00
8)

,
S

ad
eg

h
i

et
al

.
(2

00
8,

20
12

),
N

o
oh

i
et

al
.

(2
01

0)
,

F
au

ro
u

x
an

d
M

or
il

lo
n

(2
01

0a
,b

),
Y

u
ka

w
a

et
al

.
(2

00
6b

,a
),

T
av

ak
ol

i
et

al
.

(2
01

3)
,

S
u

zu
k
i

et
al

.
(2

00
6)

,
Im

a
jo

et
al

.
(2

01
5)

,
W

an
g

et
al

.
(2

01
6)

,
L

ee
(2

01
3)

,
T

ak
ed

a
an

d
S

h
im

oy
am

a
(2

01
9)

,
F

an
et

al
.

(2
01

8)
,

C
ar

ab
in

et
al

.
(2

02
0)

J
ay

as
u

n
d

ar
a

et
al

.
(2

02
0)

L
eg

ge
d

R
ob

ot
s

H
ay

n
es

et
al

.
(2

00
9)

,
K

am
ag

al
u

h
et

al
.

(2
01

2)
,

—
—

—
L

iu
et

al
.

(2
01

5,
20

16
a)

,
S

an
o

et
al

.
(2

01
7)

,
A

oy
ag

i
et

al
.

(2
01

7)
,

It
o

et
al

.
(2

01
9)

,
It

o
an

d
N

in
om

iy
a

(2
02

1)
,

It
o

et
al

.
(2

02
0)

S
n

ak
e

cu
m

w
h

ee
le

d
K

am
eg

aw
a

et
al

.
(2

00
9)

,
—

—
—

R
ob

ot
s

P
ol

ch
an

ka
jo

rn
an

d
M

an
ee

w
ar

n
(2

01
1a

,b
)

In
ch

w
or

m
cu

m
w

h
ee

le
d

—
—

—
H

an
et

al
.

(2
01

3,
20

16
)

R
ob

ot
s

15TH-2554_156103012



The robot of Polchankajorn and Maneewarn (2011a,b) is a modular snake robot,

with each module having two active wheels. The modules are connected to one

another by a three degrees of freedom joint, the three degrees of freedom being

the roll-pitch-yaw motion. The robot climbs the pole by forming a helix grasping

the pipe and then the wheels are actuated to move the robot up the pipe.

1.3.1.5.2 Inchworm cum Wheeled Robots The robot of Han et al. (2013,

2016) has two driving modules which are connected by an actuated connecting

arm. The two driving modules can be considered as grippers, as is found in

typical inchworm climbing robots. Each driving module has two arms, a climbing

arm and a rotation arm. Wheels are attached to both climbing arm and rotation

arm. The climbing arm enables the robot to move along the pipe whereas the

rotation arm enables the robot to rotate about the pipe axis. This robot is able

to overcome flanges, valves, bends and T-junctions.

1.3.2 Gripping in External Pipe Climbing Robots

As stated previously, gripping or adhesion in any climbing robot is of utmost

importance as without a proper grip, the robot begins to slip. For getting the

desired gripping force, the grippers in the pipe climbing robots are actuated and

pushed against the walls of the pipe, by various means. Some grippers are electri-

cally actuated, some others are pneumatically actuated, some have springs (strain

energy), some use magnetic grippers and some also use adhesives.

1.3.2.1 Electrically Actuated Gripping

In electrically actuated gripping, the gripper or the gripping device or the gripping

mechanism is actuated using electric power. The commonly used electric actuators

are DC motors and servo motors.

The gripping mechanism of most snake robots involves forming a helix around

the pipe and wounding it, (Lipkin et al., 2007; Wright et al., 2007; Rollinson

and Choset, 2013; Takemori et al., 2016; Zhou et al., 2017; Yaqub et al., 2019;

Kamegawa et al., 2009; Polchankajorn and Maneewarn, 2011a,b). After wound-

ing the pipe, these robots squeeze against the walls of the pipe which gives the

necessary gripping force, sufficient enough to avoid slip or fall. The joints of these

hyper-redundant robots are powered by electric motors.

The gripping mechanism of almost all inchworm robots involves two grippers. In

the robot of Vossoughi et al. (2004) and Tavakoli et al. (2005), there are two

grippers and each gripper consists of a pair of v-shaped multi-fingered bodies, a

pair of right and left handed screws, a pair of linear guides and a double shaft

motor. This gripper can grip pipes of different dimensions. In Raupi robot by

Maempel et al. (2009) and Mampel et al. (2009), the gripping module is driven by
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a servomotor. The grippers used in 3DCLIMBER by Tavakoli et al. (2008, 2010,

2011) are the same as in their previous robot (Vossoughi et al., 2004; Tavakoli

et al., 2005) though the climbing mechanism in 3DCLIMBER varies greatly as

compared to the previous robot. Also, in 3DCLIMBER, each gripper in each

climbing step acts as a manipulator. In the robot of Lau et al. (2013), four servo

motors are used for actuating the two grippers, a pair for each gripper. The robot

of Khalid et al. (2015) uses two U-shaped bodies as grippers, both of which are

actuated using two servo motor based linear actuators. In the robot of Faizal

et al. (2015), two RC servo motors with metal gears are used to actuate the two

grippers. Each gripper in Climbot by Guan et al. (2009, 2011, 2016) has two

fingers. The two fingers are actuated by a single brushless DC motor. The fingers

open and close linearly and simultaneously through a harmonic drive, a worm gear

and two four bar linkage mechanisms. The grippers in Climbot are designed both

for gripping and manipulation. The opening and closing of the gripper in PiROB

by Kim et al. (2012, 2016, 2018) is done by using a small DC motor. In the robot

of Yao et al. (2015), each gripper is made of four paws and its opening and closing

is actuated by an electric linear motor. In the robot of Qiaoling et al. (2019, 2020),

each gripper is associated with a support structure that helps the robot to clamp

the pipe. The gripper is actuated by a motor.

Wheels act as grippers in wheeled robots. In the robot of Lee (2013), the linear

movement of the wheels along radial direction is actuated by a linear actuator.

Three linear actuators are used for the three wheels, each of which is placed at an

angle of 120° from each other. The linear actuators provide the required gripping

force to the wheels on the pipes. In the robot of Sebastian et al. (2015), the

arm joints are actuated by servo motors. The arms on rotating push the wheels

against the pipe surface. The robot of Khan and Prabhu (2018) uses DC motors

with high torque for gripping the pipe. ExPiRo by Jayasundara et al. (2020) uses

eight DC motors to actuate the eight rollers. Three DC motors are used for the

three wheels. The robot of Han et al. (2016, 2013) uses two DC motors for grasping

the wheels against the pipe at the opposite ends of the robot. In the legged robot

of Haynes et al. (2009), RiSE V3 , each leg is actuated by using brushless DC

motor. Each leg has a claw fitted with surgical needles for gripping on a wooden

pole. The gripping and actuation of all the TAOYAKA robots (Aoyagi et al.,

2017; Ito et al., 2019; Ito and Ninomiya, 2021; Ito et al., 2020) are the same. In

the other side of each leg (the side away from the torso) of these robots, a wire is

attached to a servo motor. When a wire is pulled, the flexible leg corresponding

to that wire closes in around the pipe and grips.

1.3.2.2 Pneumatically Actuated Gripping

In the inchworm robot of Ripin et al. (2000), the two grippers are pneumatically

actuated. A parallel four bar linkage is used to ensure that the gripper surface is
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parallel to the pipe surface. In the robot of Saltarén et al. (1999), Aracil et al.

(2000, 2003) and Almonacid et al. (2003), each of the two rings has three radial grip

devices which are pushed against the pipe surface by three pneumatically actuated

linear actuators. The robot of Das et al. (2016) has two C shaped grippers,

each of which is actuated using a pair of pneumatic cylinders. In soft robots,

the gripping mechanism comprising artificial muscles or other soft materials are

actuated pneumatically, (Singh et al., 2019; Jiang et al., 2020; Xie et al., 2020).

In the legged robot of Sano et al. (2017), vacuum pads are used to grip on the

pipe surface.

1.3.2.3 Gripping with Magnets

Gripping with magnets on pipes is mostly found in wheeled robots. These robots

with magnetic adhesion can only climb pipes which are made of ferromagnetic

materials. In the wheeled robot of Suzuki et al. (2006) and Yukawa et al. (2006b,a),

the wheels are made of neodymium magnet. In OmniClimbers by Tavakoli et al.

(2013), magnets are placed at three places on the robot. A central magnet is placed

at the center of the robot or the chassis. This magnet is the strongest as compared

to the other two magnets and it enables the robot to grip the pipe surface. Then,

there are side magnets which enable the robot to adapt to the curvature of the

surface. Lastly, there are traction magnets which are placed near to or on the

omni directional wheels. These magnets increase the traction of the wheels on

the pipe surface and make sure that the robot climbs without any slip. All the

magnets used in OmniClimbers are permanent magnets. The robot of Imajo et al.

(2015) has two rimless wheels with spokes, the tips of which are attached to a

neodymium permanent magnet. The chamber angle between the left and the

right wheels can be adjusted that enables the robot to grip pipes with different

diameters. The robot of Fan et al. (2018) also uses wheels made of neodymium

magnets. The robots of Wang et al. (2016) and Takeda and Shimoyama (2019) also

use magnetic wheels for gripping. Khan et al. (2020) in their inchworm inspired

robot, use two legs with electromagnetic foots to grip on metallic flat surfaces and

pipes. In Winspecbot by Kamagaluh et al. (2012), a magnetic pad is attached to

the end of each leg. The magnets used in the robot are nickel-plated neodymium.

1.3.2.4 Gripping with Springs (Strain Energy)

In the robot of Baghani et al. (2005), Mahdavi et al. (2007) and Noohi et al.

(2010), six springs are connected from the body to the wheels of the robot. The

18TH-2554_156103012



T
a
b
le

1
.3

:
C

la
ss

ifi
ca

ti
o
n

o
f

g
ri

p
p
in

g
in

d
iff

e
re

n
t

p
ip

e
cl

im
b
in

g
ro

b
o
ts

o
n

th
e

b
a
si

s
o
f

th
e
ir

a
ct

u
a
ti

o
n

P
ip

e
G

ri
p
p
in

g
cl

im
b
in

g
P

n
eu

m
at

ic
al

ly
ac

tu
at

ed
E

le
ct

ri
ca

ll
y

ac
tu

at
ed

W
it

h
m

ag
n
et

s
W

it
h

sp
ri

n
gs

d
u
e

to
ro

b
ot

s
(s

tr
ai

n
en

er
gy

)
se

lf
-w

ei
gh

t
S
n
ak

e
R

ob
ot

s
—

W
ri

gh
t

et
al

.
(2

00
7)

,
L

ip
k
in

et
al

.
(2

00
7)

,
—

—
—

G
ol

d
m

an
an

d
H

on
g

(2
00

8)
,

T
ak

em
or

i
et

al
.

(2
01

6)

In
ch

w
or

m
R

ob
ot

s
R

ip
in

et
al

.
(2

00
0)

,
V

os
so

u
gh

i
et

al
.

(2
00

4)
,

K
h
an

et
al

.
(2

02
0)

—
—

S
al

ta
ré
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springs push the wheels against the pipe and also enable the robot to climb on

a stepped pole. Similarly, in the robot of Mustapa et al. (2018), springs are put

between the frame of the robot and the wheel to push the wheels against the tree.

Mishra et al. (2018) use a complaint encapsulated cage along with a gripping

adhesion mechanism to provide the necessary gripping force in their robot. In the

robot of Carabin et al. (2020), springs are attached in the three arms. The three

arms connect the frame and the wheels on their two ends. The springs provide

the necessary gripping force to the wheels agianst the pipe. In the legged robot of

Shin et al. (2010), the gripper consists of shape memory alloy wires and springs.

When electricity is provided, the shape memory alloy wires contract and cause the

gripper to ungrip the pipe. When electricity is disconnected, the shape memory

alloy wires return to their normal shape and the gripper grips the pipe with the

help of springs. In AnyClimb by Liu et al. (2015, 2016a), the eight footpads are

made of a dry adhesive. The preloads on the footpads are generated by torsional

springs. The grip is due to the preloads and the dry adhesives. A single motor is

used to detach a footpad from the surface.

1.3.2.5 Gripping due to Self-Weight

The robot of Sadeqi et al. (2008) and Sadeghi et al. (2012, 2008) is a naturally

stable wheeled robot as the entire mechanism of the robot is inspired from a

human pole climber. In this robot, more is the weight of the robot, the higher

is the gripping force. Pobot V2 robot by Fauroux and Morillon (2010a,b) uses

a rolling self-locking mechanism which is similar to the gripping of the robot by

Sadeqi et al. (2008) and Sadeghi et al. (2012, 2008). The self locking mechanism

involves a mechanism which grips the robot to the pole without consuming any

energy. The gripping force depends on the weight of the robot and hence it is a

self locking mechanism.

1.3.3 Control in External Pipe Climbing Robots

The use of servomotors is the simplest form of control technique that can be used

in pipe climbing robots as a position feedback mechanism is attached to the motor.

The snake robot of Wright et al. (2007) uses a servo in each module. Each servo

controls a single degree of freedom in each module. Each servo consists of an

electric motor, a gear train and electronics to control the motor. A proportional-

integral-derivative (PID) control law is used to control the position of each module

in the robot. Similarly, in the robot of Lipkin et al. (2007), the motors are driven by

using a PID control law. Rollinson and Choset (2013) use a compliant gait based

control in their robot. They use curvature compliance to control the curvature of

the robot and position compliance to temporarily control the position of the gait

of the robot. In the robot of Takemori et al. (2016), the joints are controlled by
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proportional control law. Zhou et al. (2017) uses a PD control law to control the

angular displacements of the joints.

Tavakoli et al. (2005) use current feedback to control the torque exerted by the

grippers in their inchworm robot. 500 pulse encoders are attached on the shaft

of the DC motor inside the electrical cylinders to control the linear movements

exerted by the cylinders. This robot uses a PID control law. Raupi by Maempel

et al. (2009) and Mampel et al. (2009) uses servomotors and an integrated position

controller to control its motion. The controllers used in 3DCLIMBER by Tavakoli

et al. (2008, 2010, 2011) can control the motors in position, velocity or torque.

Also, in this robot, position control is used when the gripper opens and force

control is used when the gripper closes on the pole. The robots of Lau et al. (2013)

and Faizal et al. (2015) use Arduino Uno micro controller to control the servo

motors. The robot of Khalid et al. (2015) uses Arduino Mega micro controller to

control the servo motors. The control unit of Climbot by Guan et al. (2009, 2011,

2016) has a three layered architecture. The top layer has a PC for motion planning

and other tasks like task management and man-machine interface. The motion

controller and the driver are present in the middle layer. The servo motors are at

the bottom. PiROB by Kim et al. (2012, 2016, 2018) is controlled remotely on

the ground with no cables between the robot and the remote control station. The

robot uses five servomotors to control the five joints of the robot. In the robot of

Yao et al. (2015), the joints of the robot are controlled using servo motors. Qiaoling

et al. (2019, 2020) use a PID control law to control the robot. The feedback gains

of the PID controller, used in the robot, are tuned using Ziegler Nichols method.

In the wheeled robot of Lee (2013), each of the wheels is controlled independently

using a motion controller. For linear actuation, the feedback signals are provided

by the linear potentiometer and the rotary encoder. Khan and Prabhu (2018)

use an Arduino Uno to control the three DC motors in their robot. RiSE V3 by

Haynes et al. (2009) uses a PD control law. The robot of Han et al. (2013, 2016) is

controlled remotely by an external PC through a tethered CAN communication.

In the robot of Polchankajorn and Maneewarn (2011a,b), the servo motors are

subjected to position control and speed control.

The inchworm robot of Ripin et al. (2000) uses a programmable logic circuit (PLC)

to control the motion of the robot. They use solenoid control valves for controlling

the direction of airflow. The robot of Saltarén et al. (1999), Aracil et al. (2000,

2003) and Almonacid et al. (2003) uses a motion control algorithm and a multi-

axis controller board to control the robot’s motion. This robot uses a PD control

law. The airflow in each pneumatic cylinder in the robot of Das et al. (2016)

is controlled using a single solenoid 5/2 way valves. An Arduino Uno is used to

implement the control strategy. In the robot of Singh et al. (2019), air flow at an

input pressure to the artificial muscles is regulated using a pressure regulator and

solenoid valves. This robot uses an open loop control law and an Arduino Mega
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microcontroller board.

In the wheeled robot of Suzuki et al. (2006) and Yukawa et al. (2006b,a), a micro-

computer controls the motors through motor drivers. In OmniClimbers robot by

Tavakoli et al. (2013), a controller puts all the actuators under velocity control.

In one of the latest prototypes of OmniClimbers robot, Tavakoli et al. (2015) use

dead reckoning method to control the motion of the robot. The robot of Imajo

et al. (2015) uses a field-programmable gate array to issue signals to the motor

drivers, which then cause the motors to rotate. The robot of Wang et al. (2016)

uses speed control model to regulate the driving motors. Fan et al. (2018) use servo

motors to control the robot. Takeda and Shimoyama (2019) have manufactured

a microrobot controller that has both manual and automatic modes. The control

is performed using computer in automatic mode. ExPiRo robot by Jayasundara

et al. (2020) uses a custom printed circuit board having two H-bridges and an

ATMEL microcontroller to control the DC motors. The robot of Carabin et al.

(2020) uses three speed loop PI controllers to assure proper climbing of the robot.

This robot uses a PID control law to control the robot position. iCrawl robot by

Khan et al. (2020) uses servo motors for the five joints of the robot and Arduino

Nano as the controller board. The robot of Kamagaluh et al. (2012) uses twenty

servo motors in its legs and all these servos are controlled using a micro controller

board. All the TAOYAKA robots use servo motors to control the robot’s motion

(Aoyagi et al., 2017; Ito et al., 2019; Ito and Ninomiya, 2021; Ito et al., 2020).

In the wheeled robot of Baghani et al. (2005), Mahdavi et al. (2007) and Noohi

et al. (2010), PID controllers are used for the DC motors. Their robots are mod-

elled as an underactuated driftless nonlinear control system. The three control

objectives, taken by the authors (Baghani et al., 2005; Mahdavi et al., 2007; Noohi

et al., 2010) are position tracking, vertical alignment and rotation around the pole.

Mishra et al. (2018) use a frequency based remote control to control the move-

ment of the robot. Mustapa et al. (2018) use Arduino Mega microcontroller to

control the four DC motors. Fauroux and Morillon (2010a,b) use a programmable

controller with Bluetooth remote control to control the Pobot V2 robot.

1.3.4 Sensors in External Pipe Climbing Robots

A closed loop control of any robot requires sensors for detecting the set-points at

every time instant. The pipe climbing robots discussed in this review also use a

variety of sensors and feedback mechanisms to control the robot. This subsection

discusses the different kinds of sensors and feedback mechanisms used by pipe

climbing robots.

The snake robot of Lipkin et al. (2007) and Wright et al. (2007) uses a current

sensor on the controller board to limit the current drawn by the servo motor in

case of a power surge. This helps to protect the servo motor. A temperature
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sensor is also used which reports the user about the temperature of each module.

Goldman and Hong (2008) and Takemori et al. (2016) propose the future use of a

camera sensor on the head of the robot so that it can overcome obstacles and can

also climb form one pole to the other.

In the inchworm robot of Saltarén et al. (1999), Aracil et al. (2000, 2003) and

Almonacid et al. (2003), three ultrasonic sensors are used in each of the two

rings. These sensors calculate and compensate the deviation of robot’s center

with respect to the pipe’s center. In the robot of Qiaoling et al. (2019, 2020),

accelerometers are mounted on the two grippers of the robot. Accelerometers

are used to provide an absolute reference for the pitch, roll components for the

estimated orientation. Khalid et al. (2015) use an infra red (IR) sensor and a

force sensitive resistor (FSR) sensor in each of the two grippers of their robot. IR

sensor detects the degree of travel by the climbing robot and accordingly directs the

Arduino to stop the robot when it reaches the pre-assigned degree of travel. Also,

FSR sensor detects the pressure put by the gripper on the pole and accordingly

directs the Arduino about the correct gripping force. An ultrasonic proximity

sensing is used by Das et al. (2016) in their robot to detect the amount of travel

with respect to the ground. The sensor allows the robot to climb till a prescribed

height is reached. Raupi robot by Maempel et al. (2009) and Mampel et al. (2009)

uses tactile sensors that detect the relative position between the gripping module

and the pipe surface. 3DCLIMBER by Tavakoli et al. (2008, 2010, 2011) uses

sixteen FSR sensors in two grippers, eight in each gripper. FSR sensors are used

to know about the force distribution on the surface of the gripper. These sensors

help the robot during the calibration and assembly of the gripper. In addition

to FSR sensors, this robot also uses two strain gauges, each in each gripper, to

know the grasping force of each gripper. Other sensors used in 3DCLIMBER are

optoelectronic sensors and sharp range finder sensors. FSR sensors are also used

in Climbot by Guan et al. (2009, 2011, 2016) to know the grasping force between

the gripper fingers and the gripped object. Kim et al. (2012, 2016, 2018) in PiROB

robot use six proximity sensors in each of the two grippers. The proximity sensor

detects the distance between the palm of each gripper and the pipe surface. Other

sensors used in PiROB are inclinometer and visual camera. In the soft robot

of Singh et al. (2019), a pressure sensor is used to measure the pressure inside

the soft pneumatic actuator. The length of the actuators is measured using a

camera. iCrawl by Khan et al. (2020) uses a Hall sensor, inertial encoders and a

current sensor. Hall sensor helps the robot to differentiate between a metal and a

non-metal surface.
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Sebastian et al. (2015) propose the future use of ultrasonic sensors and inertial

measurement units (IMU) in their wheeled robot. Mishra et al. (2018) also propose

the future use of an IR sensor in their robot to detect the change in pipe diameter.

The sensors used in the robot of Khan and Prabhu (2018) are a camera, a laser

and two ultrasonic sensors. Tavakoli et al. (2013) propose the future use of IMU

or other exteroceptive sensors to improve the accuracy of trajectory following of

the OmniClimbers robot. In one of the latest prototypes of the OmniClimbers

robot, Tavakoli et al. (2015) use accelerometers and optical flow sensors to ensure

that the trajectory tracking of the robot is accurate. Some of the microrobots in

Takeda and Shimoyama (2019)’s robot have flaw-detection sensors. Encoders are

the only sensors found in the wheeled robot of Baghani et al. (2005), Mahdavi

et al. (2007) and Noohi et al. (2010). The encoders are on the active wheels of

the robot. The wheeled robot of Suzuki et al. (2006) and Yukawa et al. (2006b,a)

has four distance sensors, twelve limit switches and one tilt sensor. The distance

sensor detects the presence of flanges as the robot moves. The underwater wheeled

robot of Fan et al. (2018) uses a liquid level transmitter and an acceleration sensor

to achieve the depth and the posture of the robot, respectively.

A current sensor is used in each module of the snake cum wheeled robot of

Polchankajorn and Maneewarn (2011a,b) to measure the current going into the

motor. Han et al. (2013, 2016) in their inchworm cum wheeled robot use electro-

magnetic acoustic transducers (EMATs) to carry out non-destructive testing of

pipelines. They also use a strain gauge attached on the climbing arm to know the

gripping state of the robot.

1.3.5 Bistable Grippers

This subsection reviews the literature on bistable grippers and grippers which

are actuated using bistable mechanisms. A bistable mechanism is one which has

two stable equilibrium states with an in between unstable equilibrium state (Ma-

vanthoor and Midha, 2006). No power is required to maintain the two stable

equilibrium states. Power is required only to actuate the bistable mechanism from

its one stable equilibrium state to the other stable equilibrium state and vice-versa

(Choi et al., 2021). The grippers can be classified into various ways. While some

bistable grippers have been inspired from the trapping movement of the leaves of

venus flytrap (Kim et al., 2010; Wang et al., 2019; Zhang et al., 2019b; Baumgart-

ner et al., 2020; Wang et al., 2020), there are grippers which have a two and three

finger like configuration (Thuruthel et al., 2019; Zhang et al., 2019a, 2020; Sun

et al., 2020; Nguyen et al., 2020; Faber et al., 2020; Wang et al., 2020; Lerner et al.,

2020; Balakuntala et al., 2021). The grippers of Hao and Kong (2012) and Chang

et al. (2020) are compliant parallel grippers whereas the grippers of Pluimers et al.

(2012); Liu and Xu (2016); Liu et al. (2016b); Xu (2017); Hao et al. (2017); Yang

and Xu (2017) are constant force grippers. The bistable grippers are actuated
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using shape memory alloys (Kim et al., 2010; Thomas et al., 2018; Welsch et al.,

2018; Zimmer et al., 2020; Scholtes et al., 2020; Lerner et al., 2020), dielectric

elastomer actuators (Follador et al., 2015; Wang et al., 2019; Baumgartner et al.,

2020), through pneumatic means (Rothemund et al., 2018; Jitosho et al., 2019;

Wang et al., 2020; Nguyen et al., 2020; Faber et al., 2020), piezoelectric stack

actuator (Liu and Xu, 2016; Liu et al., 2016b) and electro thermal actuator (Yang

and Xu, 2017). The following paragraph briefly reviews the salient features of

these grippers.

The gripper of Kim et al. (2010) uses an unsymetrically laminated carbon fiber

reinforced prepreg (CFRP) composite, which acts as the bistable structure. It

has two bistable structures that mimic the motion of the leaves of venus flytrap.

Similar motion is mimicked by two dielectric elastomer membranes in the gripper of

Wang et al. (2019) and two bistable morphing structures in the gripper of Zhang

et al. (2019b). In the gripper of Zhang et al. (2019b), each bistable morphing

structure is a cylindrical shell made of carbon fibre reinforce polymer, which acts

as a compliant finger. Each shell is an anti-symmetric shell and has a neodymium

magnet attached to it. A non-contact magnetic actuation is used to actuate the

compliant fingers. The soft gripper of Baumgartner et al. (2020) consists of coupled

balloons, one of which is made of rubber and the other balloon is a dielectric

elastomer membrane, which also acts as the trigger actuator. The rubber balloon

exhibits bistability with its volume suddenly increasing after a critical pressure,

controlled by the trigger actuator. The gripper action is very fast. The gripper

of Wang et al. (2020) is a two-fingered gripper. Each finger is a soft pneumatic

reinforced bistable actuator. It consists of two actuation chambers and these

chambers sandwich a pre stressed steel shell to achieve bistability. The gripper

of Thuruthel et al. (2019) has four fingers made of silicone. The four fingers

are attached by a pre stressed thin layer of silicone and also the four fingers are

attached by a ring, also made of silicone. The pre stressed layer and the ring

give bisability to the gripper. Zhang et al. (2019a) have designed and developed

a compliant bistable gripper for passive perching of micro-aerial vehicles. The

bistable gripper has three sets of fingers which are connected to soft silicone tubes.

The gripper grasps and moves from one stable equilibrium state to the other

by making contact with the target object. The gripper is attached on top of

a quadcopter. The gripper opens when the quadcopter generates a downward

thrust. As an improvement of the previous work (Zhang et al., 2019a), Zhang

et al. (2020) redesign the previous gripper and the present gripper has two sets

of fingers, in place of three. The grasping technique remains the same as the old

gripper. Also, the redesigned gripper has a motor driven lever to open the gripper.

Sun et al. (2020) have developed a soft gripper with two modules as fingers. Each

module consists of a flexible plastic sheet which is sandwiched between two soft

bodies. The soft bodies have channels which hold a twisted and coiled actuator.

A linear spring is also attached on the plastic sheet. The potential energies stored
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in linear spring and the soft bodies induce bistability to the gripper. Nguyen et al.

(2020) have developed an underactuated soft gripper which has three stable states

: open, pinching and wrapping. It uses a bistble buckling spring. Faber et al.

(2020) have developed dome patterned meta material sheets which are used to

make a two fingered gripper. The domes exhibit bistability and hence the gripper

requires power only to switch it from one stable state to the other, which is done

pneumatically. The gripper of Lerner et al. (2020) is a variable stiffness bistable

gripper. The gripper has four fingers, made of silicone. The gripper can become

both rigid and soft by varying its stiffness. When the gripper is soft, it exhibits

bistability and grasps the target object without an actuator but with the contact

force of the target object. A shape memory polymer (SMP) is used to vary the

stiffness of the gripper and also to switch the gripper between open and closed

states. In addition to SMP, a DC motor is also used to open the gripper. Due to

variable stiffness, the gripper can grasp both rigid and soft objects. Balakuntala

et al. (2021) have developed a passive compliant gripper based on an as-fabricated

bistable shell. Four grasping arms are attached on the bottom surface of the

bistable shell. The bistable shell opens to grasp an object when the switching

mechanism switches the bistable shell from its stress-free stable equilibrium state

to the stressed second equilibrium state. The open gripper makes a contact with

the object to be grasped and comes back to its stress-free stable equilibrium state,

thus grasping the object. The object is released when the switching mechanism

switches the gripper. The gripper can grasp objects of various shapes. In the

compliant parallel gripper of Hao and Kong (2012), a bistable mechanism is used

in the design of the gripper so as to avoid over loading the gripped delicate objects.

Chang et al. (2020) have developed a compliant parallel gripper (CPG), which

consists of an eight bar linkage mechanism and a bistable mechanism. The bistable

mechanism consists of four support beams and a shuttle mass. The gripping

takes place when the bistable mechanism moves from one stable equilibrium state

to the other. Pluimers et al. (2012) utilise a pre-loaded bistable mechanism to

generate negative stiffness in the statically balanced gripper. Liu and Xu (2016)

have developed a constant force gripper which has two modules : gripper module

and a constant force mechanism module. The constant force is generated by a

bistable beam mechanism. In the constant force grippers of Liu et al. (2016b)

and Hao et al. (2017), the bistable mechanism consists of fixed-guided inclined

straight beams which generate the negative stiffness. Xu (2017) has designed

and developed a constant force micro gripper for biological micro manipulation.

Similar to the previous constant force grippers of Pluimers et al. (2012), Liu and

Xu (2016), Liu et al. (2016b) and Hao et al. (2017),this gripper also uses a bistable

mechanism for generating negative stiffness. The gripper of Yang and Xu (2017) is

a constant force micro gripper, used for microelectromechanical systems (MEMS).

The micro gripper consists of inclined bistable beams, straight leaf flexures and

Z-shaped beams, which act as electrothermal actuators. The vacuum gripper of

27TH-2554_156103012



Welsch et al. (2018) consists of a bistable spring which is attached to a membrane.

Levers are attached on the two ends of the bistable spring. The levers are actuated

by antagonistically arranged shape memory alloy wires, which in turn actuate

the bistable spring. This deflects the membrane and vacuum is generated. The

compliant industrial gripper of Scholtes et al. (2020) is actuated by a bistable shape

memory alloy actuation unit. In the actuation unit, a bundle of shape memory

alloy wires move a leaf spring from one stable position to the other, which in

turn actuates the gripper. The vacuum gripper of Zimmer et al. (2020) uses the

same principle of gripping as in their previous work (Welsch et al., 2018) but in

the present case, the shape memory alloy vacuum suction cups are installed on

a robot UR-5. Follador et al. (2015) have developed a bistable minimum energy

structure (BiMES) which uses a combination of dielectric elastomer actuator and

elastic elements made of spring steel. Two units of BiMES are combined to form

a gripper. The reflexive gripper of Jitosho et al. (2019) uses a reflexive gripper for

mobile robots. The gripper makes use of pre-stressed bistable bands. A pneumatic

actuation system is used for reopening the gripper. A containment mechanism

is used to close the gripper. Rojas et al. (2019) have developed a bio inspired

spring origami gripper. The bistable function of the gripper is similar to that

of an earwig wing. The gripper is actuated with a very low energy and has

a very high payload. Rothemund et al. (2018) have developed a soft gripper

which is actuated pneumatically. The elastomeric valve in the pneumatic circuits

contains a bistable membrane. This valve, by controlling the airflow, enables the

gripper to grasp objects. Thomas et al. (2018) propose a self-activating bistable

buckled beam, which could be used as a micro-gripper. The beam is made of shape

memory alloy. The buckled beam is actuated by putting a thermal load, by passing

current through the beam. The gripper of Nguyen and Wang (2016) is based on

a compliant bistable mechanism. The mechanism consists of a release bar which

pushes the adhered object from the end-effectors. The mechanism could be driven

using electrothermal, electromagnetic or electrostatic actuators. The gripper of

Ngo et al. (2018) is similar to the gripper of Nguyen and Wang (2016) except

that in the gripper of Ngo et al. (2018), an impact pestle is added to the impact

bar and an impact anvil is added to the end-effector. The impact pestle moving

with the the impact bar strikes the impact anvil causing vibrations in the end-

effector which releases the adhered object from the end-effector. Stavenuiter et al.

(2017) have developed an under actuated grasper with self-adaptability. They use

a bistable mechanism to change the actuation type of the grasper. Choi et al.

(2021) have developed a 3D printed aerial docking mechanism which is based on

a bistable gripper type mechanism.
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1.3.6 Bistable Compliant Mechanisms

This subsection reviews a few bistable compliant mechanisms. Complaint mecha-

nisms are mechanisms which have flexible bars and flexible joints. These mecha-

nisms are generally one piece mechanisms and transfer energy through deformation

and motion (Chen et al., 2011; Liu et al., 2017). A bistable compliant mechanism

is one which has two stable equilibrium states in its range of motion (Jensen et al.,

1999; Masters and Howell, 2003). Generally, bistable compliant mechanisms are of

two types. One is the bistable buckled beam (Vangbo, 1998; Park and Hah, 2008;

Cazottes et al., 2009) and the other is bistable curved beam (Qiu et al., 2004;

Palathingal and Ananthasuresh, 2017). A bistable buckled beam is realized by

pre-buckling a straight column and then putting transverse loads on the buckled

column so as to toggle it between the two stable equilibrium states. A bistable

curved beam is one in which the beam is fabricated as the fundamental mode

shape of the straight column buckling problem. Bistable compliant mechanisms

are generally used in MEMS as micro-relays, micro-actuators, switches, micro-

valves and micro-grippers (Howell et al., 1994; Cazottes et al., 2009; Qiu et al.,

2004; Palathingal and Ananthasuresh, 2017, 2016). They are also used for binary

actuation in robots (Hafez et al., 2003) and in many consumer products (Palathin-

gal and Ananthasuresh, 2018). In subsection 1.3.5, the grippers of Balakuntala

et al. (2021); Chang et al. (2020); Wang et al. (2020); Zhang et al. (2019a, 2020,

2019b); Jitosho et al. (2019); Thomas et al. (2018); Nguyen and Wang (2016);

Ngo et al. (2018); Yang and Xu (2017); Welsch et al. (2018); Liu and Xu (2016);

Liu et al. (2016b); Xu (2017); Hao et al. (2017); Hao and Kong (2012); Follador

et al. (2015); Pluimers et al. (2012); Kim et al. (2010); Zimmer et al. (2020) are

examples of bistable compliant mechanisms. Bistable compliant mechanisms are

also used for micromechanical non-volatile memory (Charlot et al., 2008; Rooden-

burg et al., 2009) for morphing and aerospace applications (Diaconu et al., 2007;

Daynes et al., 2008; Pontecorvo et al., 2013), and for energy harvesting (Cottone

et al., 2012; Liu et al., 2013; Andò et al., 2014). The next paragraph briefly looks

into the actuation techniques of some of these bistable compliant mechanisms.

Huang and Yang (2012) use a V-beam actuator to drive a MEMS push-on-push-off

bistable compliant device. The V-beam actuator used is a thermal actuator. The

bistable device comprises a lever and two curved beams. Sarojini et al. (2016)

have developed a compliant sit-to-stand easy-chair. The proposed bistable mech-

anism is a two port bistable mechanism. Port 1 force used to switch from one

stable equilibrium state to the other stable equilibrium state is obtained from

the weight of the person and port 2 force, used to move back to the first stable

equilibrium state, is applied using a lever attached to the armrests. The bistable

arch of Pontecorvo et al. (2013) for morphing applications is actuated using shape

memory alloy. The unsymmteric composite laminates of Schultz and Hyer (2004)

is actuated using piezoelectric MFC actuators.
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1.3.7 Adaptive Neuro-Fuzzy Inference System (ANFIS)

based Inverse Kinematics of Serial Robots

This subsection reviews the literature relating to ANFIS and its use in solving

inverse kinematics of robot. ANFIS is a soft computing technique which is based

on Takagi and Sugeno’s approach (Pratihar, 2013). It combines the learning ability

of neural networks and reasoning ability of fuzzy systems (Sivanandam and Deepa,

2007). ANFIS is widely used in the field of robotics to solve inverse kinematics

(Khan, 2021), in aerospace applications for the estimation of short duration forces

(Ramesh et al., 2019) and aerodynamic coefficients (Nanda et al., 2019), in the

field of pharmaceutics for drug design (Grosan et al., 2006), in the field of sports

economics to forecast the attendance of a sporting event (Şahin and Erol, 2017),

and many others. ANFIS can be used to model any real world complex ill-defined

system (Buragohain and Mahanta, 2008).

It is well-known that the inverse kinematic study of a robot is more complicated

than the direct kinematics problem as depending upon the configuration of the

robot, the robot may have multiple solutions (Mittal and Nagrath, 2003). Also,

the conventional methods like geometric, algebraic and iterative techniques of

solving inverse kinematics problems may not work for each and every kind of

robot configuration (Narayan et al., 2018). Hence, researchers are gradually relying

more on neuro-fuzzy systems to solve the inverse kinematics problem in robots in

recent years. A neuro-fuzzy system does not require any mathematical model.

It just requires a training data set which relates the input and the output of a

given problem. Previously, Narayan and Singla (2017) and Refaai (2021) have

used ANFIS to solve inverse kinematics of SCARA robot. ANFIS has also been

used by Abbas et al. (2019) to solve the inverse kinematics of a Scorbot-ER 5

Plus robotic arm. Mukhtar et al. (2021) have also used ANFIS to solve inverse

kinematics of an ambidextrous robot.

1.3.8 Trajectory tracking of joints of RP class of serial

manipulators

This subsection reviews the literature relating to trajectory tracking of serial chain

robots where the last joint is prismatic. Accurate trajectory tracking is a primary

expectation from industrial robots and such tracking requires stable controllers.

The design and analysis of such controllers is an important area of study in the

field of robot control (Slotine et al., 1991) to ensure that tracking errors are kept

as minimal as possible. Trajectory tracking requires proper tuning of the feedback

gains, i.e. determining feedback gains such that a given control objective is satis-

fied. The experimental methods of tuning PID (Proportional-Integral-Derivative)

controllers are found in (Cohen and Coon, 1953; Ziegler and Nichols, 1993). But

given the nonlinear nature of robot manipulators, these tuning methods cannot
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be used for satisfactory results. One of the problems with methods for designing

feedback gains has been their lack of generality, i.e. their application for a large

class of robots. Tuning by designing controller gains has been done in literature

using a large number of techniques for robot manipulators (Abdallah et al., 1991;

Craig et al., 1987; Lewis et al., 2003; Sadegh and Horowitz, 1990; Spong et al.,

2004) but these control laws use stability methods for determining the feedback

gains for stable tracking which require the inertia matrix and/or the Jacobian of

the gravity vector to be uniformly bounded. This criteria of uniform boundedness

of the inertia matrix is not true for all robot manipulators (Ghorbel et al., 1998).

It can be demonstrated that the inertia matrix of a revolute-prismatic (RP)

joint robot is not uniformly bounded (Ghorbel et al., 1998). The inertia matrix

of robots where the final link in the serial chain is prismatic, is not uniformly

bounded. Further, there have been tuning rules proposed in literature (Cervantes

and Alvarez-Ramirez, 2001) where the bounds of the Jacobian of the gravity

vector are not required, but the bounds of the inertia matrix are still required.

Even when the specific case of the RP robot is considered for establishing

global stability using PID control (Kasac et al., 2004, 2006), it has been for

regulator problems using the Lasalle’s invariance principle, which does not apply

to trajectory tracking problems (tracking a desired time-varying trajectory in

joint space). Moreover, in several cases dealing with the development of tuning

rules, planar manipulators are considered instead of manipulators moving in

3-D space. Even optimization algorithms which have been proposed for tuning

feedback gains - (Ayala and dos Santos Coelho, 2012; Sharma et al., 2014), the

Teacher Learning Based Optimization Algorithm (TLBO)(Rao et al., 2011) and

the Flower Pollination Optimization Algorithm (FPO)(Yang, 2012), have been

used for planar manipulators instead of those moving in 3-D space. Attempts

to use complex controllers which incorporate the robot dynamics in the control

law, of the form of the Computed Torque controller, will inevitably run into

practical problems, given uncertainties in the estimation of the robot parameters.

For this reason, industrial robots routinely use the simple linear PID controllers

which do not require the incorporation of the robot dynamics into the control

law. PID controllers take up about 90 percent or more of the industry share ow-

ing to the simplicity of operation, low-cost and easy designing (Kumar et al., 2011).

1.3.9 Summary of Literature Review

This subsection summarises the literature review that is carried out on the exist-

ing external pipe and pole climbing robots, grippers used in these robots along

with their actuation, followed by a review on bistable grippers, bistable compli-

ant mechanisms, ANFIS and tracking stability. The takeaways of this literature

review are as follows-

31TH-2554_156103012



• Most of the already existing pipe climbing robots have either wheeled loco-

motion or inchworm locomotion. It is observed that the robots which are

heavy or have a very high payload have inchworm locomotion whereas the

lighter robots which can move at higher speeds have wheeled locomotion.

• Almost all the existing pipe climbing robots are made of rigid components

except a few that do use some flexible parts along with rigid members. This

literature review found only four soft pipe climbing robots, all of which were

published after 2019.

• The researchers, over the last two years, have worked mainly with soft pipe

climbing robots. The soft pipe climbing robots have a very high payload to

weight ratio but one of the major limitations of these kinds of robots is that

their overall load-bearing capacity is very low, which makes them unfit for

industrial applications.

• From the literature survey, it can be concluded that there are very few pipe

climbing robots that can carry NDT equipment along with them.

• The inchworm robots capable of moving bend pipes generally have four de-

grees of freedom climbing mechanism. However, some robots also use five

degrees of freedom climbing mechanism, and these robots exhibit typically

two or more gaits like flip-over gait in addition to the inchworm gait.

• The researchers have mainly used electrical actuation for gripping and climb-

ing of the robot. A very few researchers have also used pneumatic actuation

for gripping and climbing of the robots.

• The highly manoeuvrable robots use a variety of sensors like cameras, IR

sensors, accelerometers, IMU, tactile sensors, strain gauges, FSR sensors,

and many more to detect the presence of any obstacles like flanges, turns,

bends, T-junctions and also to have position control of the joints and force

control of the grippers.

• The bistable grippers are mostly used in the field of biomicromanipulation

and are used for gripping soft objects of smaller dimensions. Some bistable

grippers are also used for docking of micro aerial vehicles. Most of these

bistable grippers, along with bistable compliant grippers and bistable com-

pliant mechanisms used in other applications, are generally actuated us-

ing shape memory alloys, dielectric elastomer actuators, through pneumatic

means, piezoelectric actuator and electro thermal actuator.

• None of the researchers have used bistable grippers or bistable compliant

grippers for pipe climbing applications.
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• Most of the researchers have not carried out the dynamic analysis of the

climbing mechanism of inchworm type pipe climbing robots.

• Soft computing techniques like adaptive neuro-fuzzy inference system (AN-

FIS) have also not been used by many researchers for the inverse kinematic

study of pipe climbing robots.

• It is observed that for tuning the feedback gains of a control law for stable

tracking of the joints of RP class of serial robots, the control laws use stability

methods which require the inertia matrix and/or Jacobian of the gravity

vector to be uniformly bounded.

1.4 Technical gaps

On the basis of scientific analysis of the literature, the following technical gaps

have been identified-

• There are not too many pipe climbing robots which have a payload to weight

ratio greater than 0.5 or 1. It may be noted that a pipe climbing robot with

a greater payload to weight ratio would enable the robot to carry heavy

equipment other than its own weight.

• The grippers in most of the pipe climbing robots consume energy throughout

the operation of the robot. Hence, there is a need to develop a gripper for a

pipe climbing robot that consumes less energy.

• There is a need to synthesize mechanisms that could ensure automatic ac-

tuation of the gripping and climbing mechanisms of the robot with minimal

of electronic components so that the developed robot is light and swift.

• Most of the pipe climbing robots reported in literature could climb only

straight pipes and not ninety degree bend pipes. Hence, a robot has to be

developed that has the capability of climbing ninety degree bend pipes.

• Not many researchers have carried out the dynamic analysis of the climbing

mechanism of inchworm type pipe climbing robots. Hence, there is a need

to carry out research on the dynamic analysis of such mechanisms.

• The climbing mechanism of an inchworm type pipe climbing robot requires

multiple links and hardly any of the researchers before have used soft com-

puting techniques for carrying out analysis of such multi-link mechanisms.

Hence, research on soft computing techniques for real time analysis of sys-

tems is also to be carried out.
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• After developing the robot, there is a need to develop a design procedure,

using which the feedback gains of a suitable control law could be tuned to

control the path of the robot. The existing methods of tuning generally

depend on the bounds of the inertia matrix. Hence, a procedure is needed

which is independent of the bounds of the inertia matrix and/or Jacobian

of the gravity vector.

1.5 Objective

The objective of the present work is to design and develop a pipe climbing robot

by using a compliant bistable gripping mechanism. To accomplish this objective,

the following sub-objectives have been identified. They are as follows :-

• Design of the gripping mechanism involving the use of bistable buckled beam,

which should ensure that the robot has a payload to weight ratio higher than

0.5

• Design of mechanical drive systems to automate the gripping mechanism.

• Design of climbing mechanism capable of climbing straight vertical pipes

and pipes with ninety degree bends.

• Control of the climbing mechanism of the robot.

• Fabrication and testing of the pipe climbing robot.

1.6 Thesis Organisation

The thesis is organized into five chapters. Chapter 1 gives a brief overview of the

thesis. This chapter also documents the state of the art in the field of pipe climbing

robots and also looks into the grippers in different fields that could be used for

pipe climbing applications. The design of the gripper is discussed in chapter 2.

Chapter 3 looks into the design aspects of the climbing mechanism that could be

integrated with the designed gripper. After the completion of the design process,

a pipe climbing robot is developed. The manufacturing processes involved, the

electronics integration, mode of operation of the robot and the experiments carried

out on the developed pipe climbing robot are documented in chapter 4. Chapter 5

concludes the thesis with a discussion about the work that can be extended from

the thesis to be carried out in future.
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Chapter 2

Design of a Gripping Mechanism

2.1 Introduction

This chapter presents the design of a novel gripper for pipe or pole climbing robots.

The mechanism of the gripper involves the use of a pre-stressed buckled column,

also known as bistable buckled beam, which is a type of bistable compliant mech-

anism. There is a need for research on a new gripping mechanism as an effective

gripping mechanism would ensure that the pipe climbing robot has a greater pay-

load. Other than gripping, this chapter also proposes the design of two mechanical

drive systems to automate the actuation of the bistable buckled beam. The me-

chanical design and working of the gripper are presented in section 2.2. This

section also discusses about the experimental and numerical determination of the

design parameters of the bistable buckled beam. Section 2.3 is about the design of

two mechanical drive systems which automate the gripping and ungripping oper-

ation of the gripper. One of the drive systems is inspired from camshaft whereas

the other mechanism is inspired from Scotch Yoke and beam engine mechanisms.

2.2 Mechanical Design of the Gripper

The isometric view of the three-dimensional (3-D) computer aided design (CAD)

model of the gripper is shown in Fig. 2.1. It consists of two plates for clamping

the bistable buckled beam. The two plates are clamped using six bolts, three on

each side as can be seen in Figs. 2.1 and 2.2. There are four nuts on each bolt.

The function of the nuts is to position the plates according to the size of the pipe.

A rubber pad is attached at the centre of the beam. A different rubber pad is also

attached at the opposite end on the plate. The dummy plate has been used in

the design for static balancing. The nuts are fitted in a way that two nuts in each

bolt are clamping the plates for the pre-stressed buckled beam and the other two

nuts in each bolt are clamping or holding the two plates together at the opposite

end.
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Figure 2.1: Isometric view of the 3-D CAD model of the gripper

Pipe
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buckled beam in
OFF position

(a)
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Prestressed bistable
buckled beam in
ON position

(b)

Figure 2.2: Top view of the gripper in (a) ungripped and (b) gripped
positions

2.2.1 Working

Fig. 2.2 shows the working of the gripper. The gripper shown in Fig. 2.1 shows

the beam or column in unstressed state. It is buckled manually only once in the

beginning, during which the nuts are loosened and the beam is stressed along

its length till it buckles and then tightening the nuts so that the beam remains

in buckled state. Fig. 2.2 shows the top view of the gripper with the bistable

buckled beam. The bistable buckled beam can remain in its two stable equilibrium

positions without any input of energy. Figs. 2.2a and 2.2b show the two stable
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Figure 2.3: (a) Bifurcation buckling process of a straight unstressed
column, (b) Snap through buckling process of the buckled beam

equilibrium states of the bistable buckled beam. In the strain energy profile of

a bistable buckled beam, there is also an unstable equilibrium position between

the two stable equilibrium positions. However, energy or power is required only

to actuate the buckled beam from its one stable equilibrium position to its other

stable equilibrium position and vice-versa. On putting a transverse load on the

bistable buckled beam, the buckled beam snaps through and jumps to its other

stable equilibrium state through its unstable equilibrium state. The presented

gripper has a one-sided actuation as power is required to actuate the gripper only

on one of its sides, as shown in Fig. 2.2 and not on both the sides.

2.2.2 Design Parameters

The two most important design parameters of the gripper are :- 1) vertical dis-

placement of the mid-point of the beam, Dv and 2) the snapping load of the beam

when actuated at the mid-point, Ls, as shown in Fig. 2.3. Ls is that value of F

at which the snap-through buckling (Simitses and Hodges, 2006) sets in. Both Dv

and Ls are related to axial displacement, Da and dimensions of the beam.

The buckling of a column results in an arch (Palathingal and Ananthasuresh,

2017). It is an example of bifurcation buckling (Simitses and Hodges, 2006), as

shown in Fig. 2.3a. The process of putting transverse load on an as-fabricated arch

leads to snap-through buckling (Simitses and Hodges, 2006) and the arch moves

from one stable equilibrium state to the other, as shown in Fig. 2.3b. Thus, the

functioning of bistable buckled beam can be taken as a combination of bifurcation

buckling followed by snap-through buckling of the resultant arch, as shown in Fig.

2.3.

The gripping force, Fg exerted by the buckled beam on the pipe, as shown in

Fig. 2.2b is equivalent to the normal reaction, N . A greater N would ensure
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a greater friction force, Ff , which would overcome the weight of the robot, W

and hence would help in vertical climbing, Ff ≥ W . A larger Ls or a switching

point (Palathingal and Ananthasuresh, 2017) would give a greater Fg. However,

Fg would always remain less than the switch-back point (Palathingal and Anan-

thasuresh, 2018). If Fg becomes larger than the switch-back point, the buckled

beam would switch back to its first stable equilibrium state, as shown in Fig. 2.2a.

In a bistable buckled beam, the magnitude of switching and switch-back points

are same as Ls (Palathingal and Ananthasuresh, 2018). Hence, Fg is directly

depended on Ls.

Dv helps in the assembly of the gripper. The buckled beam in its gripping posi-

tion, as shown in Fig. 2.2b, doesn’t touch the pipe. Rather, while assembling the

gripper, it is ensured that bistable buckled beam doesn’t reach its second equilib-

rium state. Only then the bistable buckled beam will apply a force on the pipe as

the beam would try to come to its second equilibrium state but obstructed by the

pipe. Hence, the gap between the pipe and the bistable buckled beam depends on

Dv.

2.2.3 Experimental and Numerical Determination of De-

sign Parameters

This subsection presents the experimental and numerical determination of Ls and

Dv with respect to Da for different dimensions of the beam.

Figure 2.4 shows the experimental set-up for determining the snapping load or

the switching point. In the experimental set up, the horizontal scale is used for

measuring the axial deflection and the vertical scale is for measuring the vertical

deflection. The C clamp at the left end is totally fixed. The C clamp at the

extreme right holds the horizontal scale in position. The red coloured C clamp

is loosened and the column is given an axial deflection of known values from the

right end and then it is clamped with the red coloured C clamp. The clamping

plates at the right and left end, which are tightened by nuts and bolts, remained

tightened throughout and they ensure that the column buckles with a fixed-fixed

boundary condition. For a beam of particular width, Dv corresponding to a given

Da is recorded. Also, for a Da, Ls is recorded. A high tension thread is attached

at the mid-point of the beam. Weights in steps of 50 g are put into the hanger, as

shown in Fig. 2.4. The moment the load in the hanger reaches the snapping load,

the buckled beam moves to its other stable equilibrium state and Ls is recorded.

This experiment is carried out three times. The values of Dv and Ls corresponding

to beams of different dimensions and Da can be found in the Tables of Appendix

A for three trials of the experiment. The average values of the three trials are

recorded in Tables 2.1, 2.2, 2.3 and 2.4. Tables 2.1 and 2.2 show the variation

of Dv with Da, and Tables 2.3 and 2.4 show the variation of Ls with Da. In
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Figure 2.4: Front view of the set up (a) before snapping, (b) after
snapping and (c) top view of the set up before snapping

Tables 2.1 and 2.2, E,A and P correspond to experimental value, numerical value

and percentage deviation of numerical values with respect to experimental ones,

respectively. The initial length of all the beams is 100 mm. b corresponds to width

of the beams.

For numerical determination of the design parameters, the profile of the bistable

buckled beam, w, is approximated with the help of mode shapes, obtained by

solving the bifurcation buckling eigen value problem. The governing equation of

bifurcation buckling problem (Simitses and Hodges, 2006) is given as-

d4w

dx4
+ k2

d2w

dx2
= 0 (2.1)

where k2 = P
EI

, E is the Young’s modulus of the beam, I is the minimum second

moment of cross-sectional area of the beam, P is the compressive force given along

the longitudinal axis of the beam and w(x) is the vertical deflection of the beam.
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Figure 2.5: Mode shapes of bifurcation buckling problem

The process of bifurcation buckling for a fixed-fixed straight unstressed column is

shown in Fig. 2.3a. The eigen functions or mode shapes of Eq. 2.1 can be divided

into symmetric and asymmetric mode shapes. The symmetric mode shapes are

derived as-

ws = B1

[
1− cos

2nπx

l

]
, kl = 2nπ, n = 1, 2, 3, ... (2.2)

where B1 is any arbitrary constant.

The asymmetric mode shapes are derived as-

was = B2

[
cos kx− 1 +

(
− sin kl

1− cos kl

)
(sin kx− kx)

]
,

kl ≈ 2.86π, 4.92π, 6.94π, ...

(2.3)

where B2 is any arbitrary constant.

Fig. 2.5 shows the first six mode shapes or eigen functions of Eq. 2.1. As can be

seen in Fig. 2.5, modes 1, 3 and 5 correspond to the first three symmetric mode

shapes, as given by Eq. 2.2 and modes 2, 4 and 6 correspond to the first three

asymmetric mode shapes, as given by Eq. 2.3.

There are three energy terms in a bistable buckled beam, subjected to a transverse

load. These three energy terms are:- bending energy, Eb and compression energy,

Ec which together constitute the strain energy of the beam, Es and the work

potential, Wp which is the negative of the work done by the external forces.

• Bending energy, Eb
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Eb =

∫ L

0

1

2
EI

(
d2w (x)

dx2

)2

dx (2.4)

• Compression energy, Ec

Ec =
1

2
EAε22L0 (2.5)

where ε2 = s−L0

L0
. s is the length of the bistable buckled beam. It is given

as-

s =

∫ L

0

√
1 +

(
dw (x)

dx

)2

dx (2.6)

Considering dw(x)
dx

to be very small and by using binomial approximation,

Eq. 2.6 can be simplified as-

s ' L+
1

2

∫ L

0

(
dw (x)

dx

)2

dx (2.7)

• Work potential, Wp

Wp = −Fw
(
L

2

)
(2.8)

The potential energy equation of the bistable buckled beam under the transverse

load at x = L/2, as shown in Fig. 2.3b, is given as-

π1 [w] =

∫ L

0

1

2
EI

(
d2w

dx2

)2

dx+
1

2
EAε22L0 − Fw|x=L

2
(2.9)

The above functional can be solved for w approximately by using Rayleigh-Ritz

method. For that, w is approximated as the sum of the mode shapes, obtained

in Eqs. 2.2 and 2.3. However, to save computational time and cost, the present

work uses the numerical approach by Cazottes et al. (2009) to get an approximate

value of w. According to this approach, w is the sum of a general solution, wg
and a particular solution, wp. First, Eq. 2.9 is solved for wp without taking into

account the Ec term. wp is approximated by taking the first six mode shapes of

Eq. 2.1.

wp = A1ws1 + A2was1 + A3ws2 + A4was2 + A5ws3 + A6was3 (2.10)

wp is substituted in Eq. 2.9 to get the following equation-

πp (w) =

∫ L

0

1

2
EI

(
d2wp
dx2

)2

dx− Fwp
(
L

2

)
(2.11)
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On extremizing πp, the following linear algebraic equations are obtained.

∂πp
∂A1

= 0,
∂πp
∂A2

= 0,
∂πp
∂A3

= 0,
∂πp
∂A4

= 0,
∂πp
∂A5

= 0,
∂πp
∂A6

= 0 (2.12)

The solved weights A1, A2, A3, A4, A5, A6 are put in Eq. 2.10 to get wp.

For getting wg, the first two modes of Eq. 2.1 are selected. This is because the

bistable buckled beam in the gripper would make use of asymmetric switching

using both modes 1 and 2. The expression for w is given as-

w = a1ws1 + a2was1 + wp (2.13)

In the above equation, wp is already known. On substituting w in Eq. 2.10, the

following equation is obtained.

π (w) =

∫ L

0

1

2
EI

(
d2w

dx2

)2

dx+
1

2
EAε22L0 − Fw

(
L

2

)
(2.14)

Extremizing Eq. 2.14 gives rise to two nonlinear algebraic equations.

∂π

∂a1
= 0,

∂π

∂a2
= 0 (2.15)

The nonlinear algebraic equations in Eq. 2.15 can be solved for a1 and a2 by using

Newton’s method for a system of nonlinear equations (Burden and Faires, 2011).

After knowing the values of a1 and a2, w can be obtained and plotted for different

values of transverse load, F . Figures 2.6 and 2.7 show the w−F relation and the

relation between w and weights a1, a2, respectively for a bistable buckled beam of

dimensions of length 100 mm, width 20 mm, thickness 0.4 mm and an axial deflec-

tion of 2 mm. Young’s modulus E for all the beams is equal to 190 GPa. From Fig.

2.6, Ls = 38N and Dv = 8.9mm. Many such plots are generated, as shown in Figs.

2.6 to 2.15 to obtain Dv, the values of which are recorded in Tables 2.1 and 2.2.

From Tables 2.1 and 2.2, it can be seen that Dv obtained experimentally matches

reasonably well with Dv obtained numerically. Ls obtained experimentally should

only be considered for further analysis as Ls obtained numerically overestimates

the Ls obtained experimentally. Similar observations have also been reported by

Hao et al. (2017) and Cazottes et al. (2009) previously. Some of the reasons for

this non-agreement are beam fabrication errors as the beam thickness may vary

along the length of the beam which would directly impact the stiffness of the beam

and hence the snapping load, as stated by Hao et al. (2017). The bistable buckled

beam is very thin and hence a very little deviation in thickness would have a large

impact in the area moment of inertia and subsequently the stiffness of the beam.

Other possible factors may be uncertainty in Young’s Modulus of the material

and small slope consideration in Eqs. 2.4 and 2.6. Considering all possible non

linearities would make Eq. 2.9 very difficult to solve. Hence, experimental results

are chosen over analytical results for design purpose.
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Figure 2.7: Relation between w and weights a1, a2 (a) for full range of
force and (b) for force between -40 N and +40 N

−10 −5 0 5 10
−10

−5

0

5

10

X: 6.325

Y: 0

w(mm)

F
(N

)

X: −6.228

Y: 2.8

(a)

−10 −5 0 5 10
−10

−5

0

5

10

X: 8.906

Y: 0

w(mm)

F
(N

)

X: −8.776

Y: 4.1

(b)

−20 −10 0 10 20
−10

−5

0

5

10

X: 10.85

Y: 0

w(mm)

F
(N

)

X: −10.69

Y: 5.1

(c)

−20 −10 0 10 20
−10

−5

0

5

10 X: −12.29

Y: 6.1

w(mm)

F
(N

)

X: 12.47

Y: 0

(d)

−20 −10 0 10 20
−10

−5

0

5

10

X: 13.87

Y: 0

w(mm)

F
(N

)

X: −13.67

Y: 7

(e)

Figure 2.8: w − F relation for a buckled beam of thickness 0.3 mm and
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Figure 2.9: w − F relation for a buckled beam of thickness 0.3 mm and
width 10 mm with Da of (a) 1 mm, (b) 2 mm, (c) 3 mm, (d) 4 mm and
(e) 5 mm
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Figure 2.10: w−F relation for a buckled beam of thickness 0.3 mm and
width 15 mm with Da of (a) 1 mm, (b) 2 mm, (c) 3 mm, (d) 4 mm and
(e) 5 mm
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Figure 2.11: w−F relation for a buckled beam of thickness 0.3 mm and
width 20 mm with Da of (a) 1 mm, (b) 2 mm, (c) 3 mm, (d) 4 mm and
(e) 5 mm
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Figure 2.12: w−F relation for a buckled beam of thickness 0.5 mm and
width 5 mm with Da of (a) 1 mm, (b) 2 mm, (c) 3 mm, (d) 4 mm and
(e) 5 mm
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Figure 2.13: w−F relation for a buckled beam of thickness 0.5 mm and
width 10 mm with Da of (a) 1 mm, (b) 2 mm, (c) 3 mm, (d) 4 mm and
(e) 5 mm
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Figure 2.14: w−F relation for a buckled beam of thickness 0.5 mm and
width 15 mm with Da of (a) 1 mm, (b) 2 mm, (c) 3 mm, (d) 4 mm and
(e) 5 mm
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Figure 2.15: w−F relation for a buckled beam of thickness 0.5 mm and
width 20 mm with Da of (a) 1 mm, (b) 2 mm, (c) 3 mm, (d) 4 mm and
(e) 5 mm

Table 2.1: Variation of Dv with Da for various widths of the beam having
0.3 mm thickness

Da Dv (mm)

(mm) E
A P

b = 5 mm b = 10 mm b = 15 mm b = 20 mm Average

1 6.33 6.33 6.83 6.83 6.58 6.325 3.88

2 8.83 9.17 9.17 9.17 9.08 8.906 1.92

3 10.5 10.83 11 11.33 10.92 10.85 0.64

4 12.33 12.5 12.67 13 12.63 12.47 1.27

5 13.5 14 14 14.33 13.96 13.85 0.79
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Table 2.2: Variation of Dv with Da for various widths of the beam having
0.5 mm thickness

Da Dv (mm)

(mm) E
A P

b = 5 mm b = 10 mm b = 15 mm b = 20 mm Average

1 6.67 6.33 6.5 5.33 6.21 6.308 1.58

2 9 9.33 9.33 8.5 9.04 8.894 1.62

3 10.83 10.67 11.17 10.5 10.79 10.84 0.46

4 12.5 12.33 12.83 11.83 12.37 12.46 0.73

5 14 13.67 13.67 13.17 13.63 13.86 1.69

Table 2.3: Variation of Ls with Da for various widths of the beam having
0.3 mm thickness

Da Ls (N)

(mm) E

b = 5 mm b = 10 mm b = 15 mm b = 20 mm

1 1.14 2.78 5.72 8.18

2 1.64 4.41 8.01 11.94

3 2.29 6.05 10.14 16.19

4 2.94 7.52 11.45 18.48

5 3.76 8.34 13.08 20.11

Table 2.4: Variation of Ls with Da for various widths of the beam having
0.5 mm thickness

Da Ls (N)

(mm) E

b = 5 mm b = 10 mm b = 15 mm b = 20 mm

1 8.34 11.45 17.66 20.93

2 11.94 24.53 27.96 34.99

3 16.35 37.77 40.88 45.78

4 22.89 44.31 50.03 51.5

5 27.96 53.46 57.88 60.5

2.3 Design of Mechanical Drive Systems to Au-

tomate the Gripping

This section presents two conceptual designs of a mechanical drive system to

automate the gripping mechanism. The toggling of the two stable equilibrium
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Figure 2.16: Front view of the gripper with the actuation points

states of the bistable buckled beam, can be automated by using two electric motors.

The positions of actuation of the bistable buckled beam are shown in Fig. 2.16.

In Fig. 2.16, point A corresponds to the central actuation of the bistable buckled

beam and point B corresponds to the offset actuation of the bistable buckled beam.

The actuator in point A takes the bistable buckled beam from its ungripped posi-

tion to the gripped position and the actuator in point B takes the bistable buckled

beam from its gripped position to the ungripped position. Two electric motors

with translatory mechanisms could be placed in points A and B. However, to keep

the gripper compact and the overall weight of the robot low, it is decided to use

one motor for each gripper. Hence, a mechanism is designed by which the bistable

buckled beam could be actuated alternately (Point A for taking the buckled beam

from ungripped to gripped position and point B for taking the buckled beam from

gripped to ungripped position), by using a single electric motor. Through simu-

lation and repetitive experiments, it is found that the distance between points A

and B should lie between 10 mm and 20 mm.

Two mechanisms are modelled in Solidworks 2019, which could ensure the alter-

nate actuation of the bistable buckled beam. The working of the two models is

checked using “animation, basic motion and motion analysis” in Solidworks 2019.

The first mechanism shown in Fig. 2.17 has been modelled by combining the

Scotch Yoke mechanism and a beam engine inspired mechanism. This mechanism

involves only one DC motor and actuates the two positions (A and B) of the

bistable buckled beam alternately. It works in a way that when the slider corre-

sponding to the beam engine inspired part of the mechanism goes down, the slider

corresponding to the Scotch Yoke goes up. In doing so, the slider corresponding to

beam engine inspired part of the mechanism pushes the bistable buckled beam at

point A and takes the bistable buckled beam to its gripped position. In the next

half of the cycle of the DC motor, the slider corresponding to the beam engine

inspired part of the mechanism goes up and the slider corresponding to the Scotch

Yoke goes down. In doing so, the slider corresponding to Scotch Yoke strikes the

lever, which then pulls the bistable buckled beam through point B and brings

back the bistable buckled beam from its gripped to ungripped position, as shown
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Bush

Brackets
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(e)

Figure 2.17: (a) Front view, (b) Top view, (c) Isometric view and (d) A
different view (e) Close up view of the gripper with Scotch Yoke cum
beam engine inspired actuating mechanism

in Fig. 2.17e.

The mechanism shown in Fig. 2.18 involves a camshaft with two cams installed

in it. The cam in the central position actuates the point A and the other cam
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Figure 2.18: (a) Front view, (b) Top view, (c) Isometric view and (d)
A different view (e) Close up view of the gripper with cams

actuates the point B of the bistable buckled beam through the lever. The two

cams actuate the the points A and B alternately.
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2.3.1 Design of Scotch Yoke cum Beam Engine Inspired

Mechanism

The proposed Scotch Yoke cum beam engine inspired mechanism has completely

constrained one degree of freedom motion. Scotch Yoke mechanism is one of the

inversions of double slider crank chain (Uicker et al., 2003) and beam engine is one

of the inversions of four bar chain (Singh, 1999). The alternate actuation of the

points A and B of the bistable buckled beam is also evident from the plots of Fig.

2.19. From Fig. 2.19, it can be observed that the sliders of both the Scotch Yoke

and the beam engine inspired mechanism operate alternately. The slider of the

beam engine inspired mechanism actuates the point A and the slider of the Scotch

Yoke mechanism actuates the point B in the buckled beam through the lever, as

can be seen in Fig. 2.17. Figures 2.19, 2.20 and 2.21 show the displacement versus

time, velocity versus time and acceleration versus time plots, respectively of the

sliders of Scotch Yoke cum beam engine inspired mechanism. These plots have

been obtained through motion analysis option in Solidworks. The dimensions of

the proposed mechanism can be found in Fig. 2.22. The distance between the

crank center and the pin is 7 mm.
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Figure 2.19: Displacement versus time plots of the slider of (a) Scotch
Yoke mechanism and (b) beam engine inspired mechanism
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Figure 2.20: Velocity versus time plots of the slider of (a) Scotch Yoke
mechanism and (b) beam engine inspired mechanism
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Figure 2.21: Acceleration versus time plots of the slider of (a) Scotch
Yoke mechanism and (b) beam engine inspired mechanism

(a)
(b)

Figure 2.22: (a) 2-D schematic and (b) kinematic diagram of the pro-
posed Scotch Yoke cum beam engine inspired mechanism

2.3.2 Design of Cams

From the results of the subsection 2.2.3, the dimensions of the bistable buckled

beam to be used in the gripper are chosen as - (100× 20× 0.5) mm3, subjected to

Da = 3 mm. These values and the corresponding Dv are considered while deciding

the dimensions and displacement diagrams for the cams. The cam profiles have

been designed following the procedure given in Uicker et al. (2003).

In Fig. 2.18, the cams have been designed by assuming that cam I mates with

a radial reciprocating follower whereas cam II mates with an offset reciprocating

follower. The offset distance for cam II is 20 mm, measured horizontally to the

right of cam center. It is also assumed that the points A and B of the bistable

buckled beam act as knife edge followers in a typical cam follower set-up. The

cam profiles, the displacement diagrams and the kinematic coefficients (K.C.) of

the two cams in the camshaft are shown in Figs. 2.23 and 2.24. If the camshaft
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Figure 2.23: (a)Cam profile,(b)Displacement diagram and plots of (c)
First order,(d)Second order, (e)Third order kinematic coefficient (K.C.)
of cam I

rotates at a constant angular velocity, the first order, the second order and the

third order kinematic coefficients are proportional to the velocity, acceleration and

jerk of the followers corresponding to the cams (Uicker et al., 2003). For cam I,

the prime circle radius is 25 mm and the lift is 30 mm. For the offset cam, the

prime circle radius is 25 mm and the lift is 10 mm and the left edge of the lever is

20 mm to the right (offset distance). The camshaft rotates in clockwise direction.

The lift of the cams have been decided by taking the help of the data in Tables 2.1

and 2.2. While designing the displacement diagrams of the cams, cycloidal and

eighth order polynomial functions have been selected as these functions ensure a

continuous velocity and acceleration across the entire interval which makes the jerk

finite (Norton and Han, 1999). This is also evident from the kinematic coefficients

plots of Figs. 2.23 and 2.24. The shape and dimensions of the lever are decided

based on a repetitive experimental analysis. Figure 2.25 shows the final CAD

model of the lever.

Since, the mechanism shown in Fig. 2.18 has less number of parts as compared

to the mechanism of Fig. 2.17, the mechanism of Fig. 2.18 is selected for the
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Figure 2.24: (a)Cam profile,(b)Displacement diagram and plots of (c)
First order,(d)Second order, (e)Third order kinematic coefficient (K.C.)
of cam II

Figure 2.25: Isometric view of a 3-D CAD model of the lever

automatic actuation of the gripping mechanism.
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2.4 Summary

In this chapter, the design of the gripper is presented. The gripper makes use

of a bistable buckled beam. Both experiments and numerical computations are

carried out to find the variation of the vertical deflection of the mid-point of

the beam, Dv and snapping load of the beam when actuated at mid-point, Ls
with axial deflection, Da. The experimental and numerical results have helped

in selecting a beam of the required dimensions. Based on the results, a beam

with dimensions (100 × 20 × 0.5) mm3, subjected to Da = 3 mm, is chosen to

be used in the gripper as this bistable buckled beam gives the highest snapping

load. The snapping load would have been much higher had the chosen beam

be subjected to Da = 5 mm but to avoid plastic deformation, the chosen beam

is subjected to Da = 3 mm. Gripping force is directly depended on snapping

load. A maximum gripping force of 45.78 N is obtained when the chosen beam

is subjected to Da = 3 mm. After designing the gripper and selecting a beam of

the required dimensions, two mechanical drive systems are modelled and designed

for the automatic actuation of the bistable buckled beam between its two stable

equilibrium states. The working of both the mechanisms is checked and verified

using Solidworks. While the dimensions of the links in the Scotch Yoke cum beam

engine inspired mechanism are obtained from Solidworks, the dimensions of the

cams or the cam profiles are designed from their respective displacement diagrams.

Out of the two mechanical drive systems, the system involving camshaft with a

lever is chosen over the Scotch Yoke cum beam engine inspired mechanism as

using camshaft involves lesser number of parts and makes the robot compact and

its overall weight low.
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Chapter 3

Design of a Climbing Mechanism

3.1 Introduction

This chapter presents two climbing mechanisms which are compatible to the de-

signed gripping mechanism, which is discussed in the previous chapter. One of

the climbing mechanisms is the prismatic joint (or lead screw) based which can

climb only on straight vertical pipes. The second one involves a novel serial chain

revolute-revolute-revolute-prismatic (RRRP) robot with three dimensional (3-D)

workspace, which can move both on straight vertical and ninety degree bend pipes.

A detailed research on the RRRP climbing mechanism is necessary as not many

inchworm type pipe climbing robots have the capability to move on ninety degree

bend pipes. The computer aided design (CAD) models of the proposed climbing

mechanisms are presented in section 3.2. This section also discusses about the

direct kinematics, inverse kinematics, trajectory planning and torque estimation

in the joints of the RRRP climbing mechanism. Section 3.3 discusses about a

design procedure to tune the feedback gains of a PID controller, used to control

the joint displacements of a RRRP serial chain pick and place manipulator, which

could be applied to the RRRP climbing mechanism.

3.2 CAD Models of the Climbing Mechanisms

Figure 3.1 shows the climbing of the robot on a straight vertical pipe with two

prismatic joints. The model of the robots shown in Figs. 3.1 and 3.2 have an

inchworm type locomotion. The inchworm type locomotion has been explained

with the help of Fig. 1.1 in section 1.2. The linear translation in Fig. 1.1 has

been shown by a prismatic joint in Fig. 3.1. The prismatic joint can be replaced

by an extensor contractor pneumatic artificial muscle (Al-Fahaam et al., 2018) or

a stepper motor driven lead screw, as shown in Figs. 3.2a and 3.2b, respectively.

It may be noted that in Fig. 3.2, the grippers are modelled along with the Scotch

Yoke cum beam engine inspired mechanism, as discussed in chapter 2. Also, the

two identical grippers are assembled opposite to each other to ensure that the
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(a) (b)

Figure 3.1: CAD model of the climbing mechanism with prismatic joints
(a) front view, (b) isometric view

center of gravity lies at the center of the robot. The pipe climbing robots shown

in Figs. 3.1 and 3.2 can climb only straight vertical pipes or pipes with bends

of very low curvature. Thus, the climbing mechanism based on the prismatic

joint cannot climb ninety degree bend pipes as in such cases, it will interfere with

the pipe. Furthermore, the bolts in the gripper will also interfere with the pipe.

Hence, a minor modification is made in the gripper. The 3-D CAD model of the

modified gripper is shown in Fig. 3.3. The modified gripper is precisely the same

as the gripper of Fig. 2.1 except that five bolts of nominal length 200 mm are

replaced by bolts of nominal length 25 mm. The modified grippers are combined

with a serial chain revolute-revolute-revolute-prismatic (RRRP) manipulator with

3-D workspace. The modified grippers along with the RRRP climbing mechanism

can move both on straight vertical pipes and ninety degree bend pipes, as shown

in Figs. 3.4 and 3.5, respectively. As the RRRP climbing mechanism has a 3-D

workspace, it can also move on pipes bend at any angle between zero and ninety

degree, and also in any direction.

3.3 RRRP Climbing Mechanism

The RRRP climbing mechanism, along with the modified grippers, used for climb-

ing ninety degree bend pipes, also follows an inchworm motion. Referring to Fig.

3.4a, when the lower gripper is in the gripped state and the upper gripper is

ungripped, the climbing mechanism is an RRRP serial manipulator, with its end-

effector at the tip of link 4. When the upper gripper is in the gripped state and

the lower gripper is ungripped, the climbing mechanism is a PRRR serial manip-

ulator, with its end-effector at the tip of link 1. Thus, during the motion of the

pipe climbing robot, the climbing mechanism keeps on changing alternately from

being an RRRP serial manipulator to a PRRR serial manipulator.
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(a) (b)

Figure 3.2: Trimetric view of the 3-D CAD model of the pipe climbing
robot with (a) extensor contractor pneumatic artificial muscle and (b)
stepper motor driven lead screw

Figure 3.3: Isometric view of the 3-D CAD model of the modified
gripper

3.3.1 Direct Kinematics

Figures 3.6a and 3.6b show the schematic diagram of the RRRP and PRRR serial

configurations, respectively, of the climbing mechanism. For both the configura-

tions of the climbing mechanism, the coordinate frames have been placed at each

of the joints following the Denavit-Hartenberg (D-H) representation of Fu et al.

(1987). And using this representation, the four parameters, ai, αi, di, and θi, asso-

ciated with each link of both the RRRP and PRRR configurations of the climbing

mechanism are given in Tables 3.1 and 3.2, respectively. The initial joint angles

are given inside square brackets, as given in Saha (2014). The range of motion is

also provided for each joint.
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Link 1

Link 2

Link 3

Link 4

(a) (b)

Figure 3.4: (a) Front view and (b) Isometric view of RRRP climbing
mechanism for straight vertical climbing

(a) (b)

Figure 3.5: (a) Front view and (b) Isometric view of RRRP climbing
mechanism for climbing ninety degree bend pipes

Table 3.1: RRRP serial configuration link coordinate parameters

Joint i θi αi ai di Joint range
1 θ1 [0°] 90° 0 −l1 0°- 90°
2 θ2 [-90°] 0° l2 0 -90°- 90°
3 θ3 [90°] 90° 0 0 0°- 180°
4 0° 0° 0 d4 [0.2m] 0.2m- 0.5m

Table 3.2: PRRR serial configuration link coordinate parameters

Joint i θi αi ai di Joint range
1 90° 90° 0 −D1 [0.2m] 0.2m- 0.5m
2 Θ2 [90°] 0° −L2 0 90°- 180°
3 Θ3 [-90°] 90° 0 0 -90°- -270°
4 Θ4 [0°] 0° 0 L3 0°- 90°

3.3.2 Steps For Climbing 90° bend pipes

Table 3.3 shows the steps involved in the climbing of the robot. In Fig. 3.6a, the

coordinate system {x,y, z} represents the global coordinate frame. The coordi-

nate systems {x0,y0, z0} and {x4,y4, z4} represent the base coordinate frame and
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Figure 3.6: Schematic diagram of the climbing mechanism (a) with the
lower gripper gripped and the upper gripper ungripped (RRRP serial
configuration) and (b) with the upper gripper gripped and the lower
gripper ungripped (PRRR serial configuration)

the hand coordinate frame of the RRRP configuration of the climbing mechanism,

respectively. The coordinate systems {X0,Y0,Z0} and {X4,Y4,Z4} represent

the base coordinate frame and the hand coordinate frame of the PRRR config-

uration of the climbing mechanism, respectively. As is evident in Fig. 3.6a, the

frame {x0,y0, z0} is attached to the lower gripper and the frame {x4,y4, z4} is

attached to the upper gripper in RRRP configuration. The frame {X0,Y0,Z0}
is attached to the upper gripper and the frame {X4,Y4,Z4} is attached to the

lower gripper in PRRR configuration, as can be seen in Fig. 3.6b. The positions of

the base frame or the gripper and the hand frame or end-effector at each step are

recorded in Table 3.3 for both RRRP and PRRR configurations. The positions of

the gripper and end-effector for each configuration are with respect to the global

coordinate frame. As is evident from Table 3.3, the climbing mechanism changes

its configuration between RRRP and PRRR at each step.

The column vector (0, 0.5, 0)T{x,y,z} denotes the position of a point with respect to

global coordinate frame {x,y, z}. In step 3 of Table 3.3, the gripper is fixed

at the point (0, 0.5, 0)T{x,y,z} and the end-effector moves from (0, 1, 0)T{x,y,z} to

(0, 1.5, 0)T{x,y,z}. This is because before the beginning of the step 3, the grip-

per in step 2 is ungripped which in step 3 acts as the end-effector position and is

moved from point (0, 1, 0)T{x,y,z} to (0, 1.5, 0)T{x,y,z}. Likewise, in step 5, the grip-

per is at position (0, 1, 0)T{x,y,z} and the end-effector is moved from (0, 1.5, 0)T{x,y,z}
to (0, 2, 0)T{x,y,z}. Same kind of motion is executed by the RRRP configuration

in steps 1, 3, 5, 7 and so on till step 13 and this kind of motion can be des-
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Table 3.3: Steps involved in climbing

Steps
Positions with respect to {x,y, z}

Configuration
Motion

Base frame/Gripper Hand frame/End-effector type
1 (0,0,0) (0,1,0) RRRP I
2 (0,1,0) (0,0.5,0) PRRR i
3 (0,0.5,0) (0,1.5,0) RRRP I
4 (0,1.5,0) (0,1,0) PRRR i
5 (0,1,0) (0,2,0) RRRP I
6 (0,2,0) (0,1.5,0) PRRR i
7 (0,1.5,0) (0,2.5,0) RRRP I
8 (0,2.5,0) (0,2,0) PRRR i
9 (0,2,0) (0,3,0) RRRP I
10 (0,3,0) (0,2.5,0) PRRR i
11 (0,2.5,0) (0,3.5,0) RRRP I
12 (0,3.5,0) (0,3,0) PRRR i
13 (0,3,0) (0,4,0) RRRP I
14 (0,4,0) (0,3.5,0) PRRR i
15 (0,3.5,0) (1,5,0) RRRP II
16 (1,5,0) (0,4,0) PRRR ii
17 (0,4,0) (1.5,5,0) RRRP III
18 (1.5,5,0) (0.5,4.5,0) PRRR iii
19 (0.5,4.5,0) (2,5,0) RRRP IV
20 (2,5,0) (1,5,0) PRRR iv
21 (1,5,0) (2.1,5,0) RRRP V
22 (2.1,5,0) (1.5,5,0) PRRR v
23 (1.5,5,0) (2.6,5,0) RRRP VI
24 (2.6,5,0) (2,5,0) PRRR v
25 (2,5,0) (3.1,5,0) RRRP VI
26 (3.1,5,0) (2.5,5,0) PRRR v
27 (2.5,5,0) (3.6,5,0) RRRP VI
28 (3.6,5,0) (3,5,0) PRRR v
29 (3,5,0) (4.1,5,0) RRRP VI
30 (4.1,5,0) (3.5,5,0) PRRR v
31 (3.5,5,0) (4.6,5,0) RRRP VI

ignated as type-I motion, as can be seen in Table 3.3. In type-I motion, the

RRRP configuration of the climbing mechanism moves the end-effector from points

(0.5, 0, 0)T{x0,y0,z0} to (1, 0, 0)T{x0,y0,z0} in every step. In type-II motion or step

15, the gripper is at point (0, 3.5, 0)T{x,y,z} and the end-effector is moved from

(0.5, 0, 0)T{x0,y0,z0} to (1.5, 0,−1)T{x0,y0,z0}. In type-III motion, the end-effector is

moved from (1, 0,−1)T{x0,y0,z0} to (1, 0,−1.5)T{x0,y0,z0}. The orientation of the base

frame in types I, II and III motion are shown in Fig. 3.7a. In type-IV mo-

tion, due to the position of the gripper, the base frame {x0,y0, z0} gets rotated

counter clockwise about the y0 axis by an angle of 45° as shown in Fig. 3.7b.

The end-effector positions are obtained with respect to the rotated base frame by

multiplying the positions with the transformation matrix. For the present case,

the transformation matrix is derived following the procedure given in Sadd (2009)

and is denoted by the matrix [Qy]. [Qy] is given as-
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Figure 3.7: Orientation of the base frame of RRRP configuration for
types (a) I, II, and III; (b) IV and, (c) V, and VI motions
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Figure 3.8: Orientation of the base frame of PRRR configuration for
types (a) i, and, (b) ii, iii, iv, and v motions

[Qy] =

cos(θ) 0 − sin(θ)

0 1 0

sin(θ) 0 cos(θ)

 (3.1)

With the rotated base frame as the gripper, the end-effector is moved from

(1.0607, 0,−0.3536)T{x0,y0,z0} to (1.4142, 0,−0.7071)T{x0,y0,z0}. In type-V motion,

the orientation of the base frame is as shown in Fig. 3.7c. The gripper is

at position (1, 5, 0)T{x,y,z} and the end-effector is moved from (1, 0, 0)T{x0,y0,z0}

to (1.1, 0, 0)T{x0,y0,z0}. In type-VI motion, the end-effector is moved from

(0.6, 0, 0)T{x0,y0,z0} to (1.1, 0, 0)T{x0,y0,z0}.

In step 2 of Table 3.3, the gripper is fixed at (0, 1, 0)T{x,y,z} and the PRRR con-

figuration pulls the end-effector from (0, 0, 0)T{x,y,z} to (0, 0.5, 0)T{x,y,z}. In the

local base frame of the PRRR configuration, the end-effector is moved from

(0, 0,−1)T{X0,Y0,Z0} to (0, 0,−0.5)T{X0,Y0,Z0}. Same type of motion is executed

by the PRRR configuration till step 14 and this type of motion is classified

as type-i motion, as can be seen in Table 3.3. The orientation of the grip-

per for different types of motion of PRRR configuration is shown in Fig. 3.8.

In type-ii motion, the gripper is at position (1, 5, 0)T{x,y,z} and the end-effector

is moved from (0, 1.5,−1)T{X0,Y0,Z0} to (0, 1,−1)T{X0,Y0,Z0}. In type-iii motion,

the end-effector is moved from (0, 1,−1.5)T{X0,Y0,Z0} to (0, 0.5,−1)T{X0,Y0,Z0}. The

end-effector is moved from (0, 0.5,−1.5)T{X0,Y0,Z0} to (0, 0,−1)T{X0,Y0,Z0} and from

63TH-2554_156103012



(a)

−1 0 1 2
−3

−2

−1

0

pY (m)

p
Z
(m

)

(b)

Figure 3.9: Workspaces of (a) RRRP and (b) PRRR configurations of
the climbing mechanism

(0, 0,−1.1)T{X0,Y0,Z0} to (0, 0,−0.6)T{X0,Y0,Z0} in types iv and v motions, respec-

tively. In types ii, iii, iv, and v motions, the base frame {X0,Y0,Z0} gets rotated

clockwise about the X0 axis by an angle of 90° as shown in Fig. 3.8b. The

end-effector positions are obtained with respect to the rotated base frame by mul-

tiplying the positions with the transformation matrix, [Qx]. [Qx] is given as-

[Qx] =

1 0 0

0 cos(θ) − sin(θ)

0 sin(θ) cos(θ)

 (3.2)

The workspace of the RRRP and PRRR configurations of the climbing mech-

anism are given in Fig. 3.9. The workspaces have been obtained by making

use of Eqs. 3.3 and 3.4, and the algorithms can be found in Appendix B.

The end-effector positions corresponding to the RRRP configuration are :-

(0.5, 0, 0)T{x0,y0,z0}, (1, 0, 0)T{x0,y0,z0}, (1.5, 0,−1)T{x0,y0,z0}, (1, 0,−1)T{x0,y0,z0},

(1, 0,−1.5)T{x0,y0,z0},(1.0607, 0,−0.3536)T{x0,y0,z0}, (1.4142, 0,−0.7071)T{x0,y0,z0},

(1.1, 0, 0)T{x0,y0,z0} and (0.6, 0, 0)T{x0,y0,z0}. All the end-effector positions lie in

the workspace except (1, 0,−1)T{x0,y0,z0} which lies very near to the boundary

of the reachable workspace of the RRRP configuration, as can be seen in

Fig. 3.9a. The end-effector positions corresponding to the PRRR config-

uration are :- (0, 0,−1)T{X0,Y0,Z0}, (0, 0,−0.5)T{X0,Y0,Z0}, (0, 1.5,−1)T{X0,Y0,Z0},

(0, 1,−1)T{X0,Y0,Z0}, (0, 1,−1.5)T{X0,Y0,Z0}, (0, 0.5,−1)T{X0,Y0,Z0},

(0, 0.5,−1.5)T{X0,Y0,Z0}, (0, 0,−1.1)T{X0,Y0,Z0} and (0, 0,−0.6)T{X0,Y0,Z0}. All

the end-effector positions lie in the workspace except (0, 1.5,−1)T{X0,Y0,Z0},

(0, 1,−1)T{X0,Y0,Z0} and (0, 0.5,−1)T{X0,Y0,Z0} which, like in the previous case, lie

very near to the boundary of the reachable workspace of the PRRR configuration,

as can be seen in Fig. 3.9b. The joint angles corresponding to the end-effector

positions of both the RRRP and PRRR configurations of the climbing mechanism

can be obtained by using inverse kinematics, which is discussed in the next

subsection.
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3.3.3 Adaptive Neuro-Fuzzy Inference System (ANFIS)

based Inverse Kinematics

The joint angles corresponding to the different end-effector positions of both the

RRRP and PRRR configurations of the climbing mechanism, are obtained using

adaptive neuro-fuzzy inference system, ANFIS. As the pipe climbing robot moves

on a ninety degree bend pipe, as shown in Fig. 3.6, the end-effector of both

the RRRP and PRRR configurations of the robot move in a two dimensional

(2-D) space. Hence, θ1 in RRRP configuration and Θ4 in PRRR configuration

are considered to be zero. Since, ANFIS is a multi-input single-output system

(Nanda et al., 2016), hence six ANFIS models are designed and checked for the

six joint variables, three each for each configuration of the climbing mechanism.

The ANFIS models are designed by making use of the inbuilt anfis function in

MATLAB 2017b. The vectors {px, py, pz} and {pX , pY , pZ} represent the end-

effector positions of the RRRP and PRRR configurations, respectively. The end-

effector positions of RRRP and PRRR configurations can be obtained by making

use of Eqs. 3.3 and 3.4, respectively.

px = cos(θ1)(l2 cos(θ2) + d4 sin(θ2 + θ3))

py = sin(θ1)(l2 cos(θ2) + d4 sin(θ2 + θ3))

pz = −l1 − d4 cos(θ2 + θ3) + l2 sin(θ2)

(3.3)

pX = 0

pY = −L2 cos(Θ2) + L3 sin(Θ2 + Θ3)

pZ = −D1 − L3 cos(Θ2 + Θ3)− L2 sin(Θ2)

(3.4)

From Fig. 3.9a, a total of 15,059 data points are taken to train the ANFIS models

for RRRP configuration. Out of the 15,059 data points, 13,301 points are taken for

training and 1,758 points are taken for checking the ANFIS models. The procedure

for generating the training data set is given in Algorithm 1 in Appendix B. The

data points for checking are extracted out from the prime number places of 15,059

data points. The checking data is used to ensure that the trained ANFIS model

does not over fit the data points, which are used for training the ANFIS model

(Sivanandam and Deepa, 2007). This ensures that the trained ANFIS model is

able to generate satisfactory output for other data points, which are similar but

not exactly same as the training data. The data points for training the three

ANFIS models corresponding to RRRP configuration are of the form (px, pz, θ2),

(px, pz, θ3) and (px, pz, d4). A generalized bell-shaped membership function (Jang

et al., 2004) is used over other membership functions as better results are obtained

with this membership function. Thirty membership functions are used to train the
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Figure 3.10: Error plots generated during the training of ANFIS models
corresponding to outputs (a) θ2, (b) θ3, and (c) d4

ANFIS models and the training is carried out for twenty epochs. Hybrid method

is used to optimize the parameters associated with the membership functions. The

initial fuzzy inference system, FIS, is generated using grid partition and nine hun-

dred fuzzy rules get generated. Though the ANFIS models are trained for twenty

epochs, that ANFIS model is considered as the final ANFIS model which gives

the minimum checking error. Figure 3.10 shows the root mean square error plots

corresponding to training data and checking data for the three ANFIS models.

Since, in all the plots of Fig. 3.10, the minimum checking error occurs after first

epoch. Hence, the trained ANFIS model after first epoch is considered for the de-

termination of joint angles of the RRRP configuration of the climbing mechanism

of the robot.
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After obtaining the trained ANFIS models, they are verified with known data.

Table 3.4 compares the joint angles and the end effector positions of the known

data with the predicted data. The end-effector positions in the known data are

obtained by putting a combination of joint angles, which have not been used

to train the ANFIS models, into Eqs. 3.3 and 3.4. After obtaining the exact

end-effector positions (px, py, pz), these positions are given as input to the ANFIS

models to predict the joint angles. evalfis function in MATLAB is used to obtain

the output of the ANFIS models. From Table 3.4, it can be observed that ANFIS

predicts the joint angles reasonably well. The end-effector positions obtained by

putting the predicted joint angles into Eq. 3.3, is almost same as the known

end-effector positions. Thus, it can be concluded that the ANFIS models for the

RRRP configuration have trained well and can be used to determine the joint

for any end-effector position lying in the workspace of RRRP configuration. It

is to be noted that the training error can be further reduced by either increasing

the number of membership functions or by increasing the training data size. The

training of any ANFIS model basically relies on a trade-off between the training

error and the computation time (Mukhtar et al., 2021).

The ANFIS models corresponding to the joint angles of PRRR configuration are

trained by taking 7,733 data points, out of which 6,752 data points are for train-

ing and 981 data points are for checking the ANFIS models. The procedure for

generating the training data set for PRRR configuration is given in Algorithm 2 in

Appendix B. The data points for training the three ANFIS models corresponding

to PRRR configuration are of the form (pY , pZ , D1), (pY , pZ ,Θ2) and (pY , pZ ,Θ3).

Thirty generalized bell shaped membership functions are used to train the AN-

FIS models and the training is carried out for twenty epochs. The parameters

associated with the membership functions are optimized using hybrid method.

The initial FIS is generated using grid partition and nine hundred fuzzy rules

are generated. Figure 3.11 shows the root mean square error plots corresponding

to training data and checking data for the three ANFIS models corresponding

to PRRR configuration. The minimum checking error in Figs. 3.11a, 3.11b and

3.11c occurs at 20th, 3rd and 15th epochs. Hence, the trained ANFIS models for

the determination of D1, Θ2 and Θ3 are considered after 20th, 3rd and 15th epochs.

The trained ANFIS models are verified with known data in Table 3.5. The exact

end-effector positions are obtained by putting the joint angles into Eq. 3.4.

From Table 3.5, it can be observed that the error between the actual and predicted

results are within reasonable limits and hence, the trained ANFIS models for

PRRR configuration can be used to determine the joint angles of any unknown

end-effector position lying in the workspace of PRRR configuration.
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Figure 3.11: Error plots generated during the training of ANFIS models
corresponding to outputs (a) D1, (b) Θ2, and (c) Θ3

Table 3.6: Determination of joint angles for different motion types of
RRRP configuration

Motion
End-effector positions Joint angles

type
(px, pz) (θ2, θ3, d4)

From To From To
I (0.5, 0) (1, 0) (64.56, 88.08, 0.33) (44.96, 90.33, 0.45)
II (0.5, 0) (1.5, -1) (64.56, 88.08, 0.33) (0, 89.86, 0.5)
III (1, -1) (1, -1.5) (-13.99, 219.4, 0.08) (-27.44, 96.21, 0.33)
IV (1.0607, -0.3536) (1.4142, -0.7071) (31.11, 91.08, 0.34) (11.72, 89.89, 0.47)
V (1, 0) (1.1, 0) (44.96, 90.33, 0.45) (42.14, 90.43, 0.49)
VI (0.6, 0) (1.1, 0) (58.37, 93.75, 0.31) (42.14, 90.43, 0.49)

3.3.4 Determination of Joint Angles for the End-Effector

Positions

In this subsection, the joint angles are predicted for the end-effector positions of

the different motion types, both for RRRP and PRRR configurations. The motion

types of the climbing mechanism are discussed in subsection 3.3.2 and also jotted

down in Table 3.3. The joint angles are predicted using ANFIS for the different

motion types and are given in Tables 3.6 and 3.7.

The absolute error in the end-effector positions for the different motion types of

RRRP configuration is less than 10−1 for most cases. It can easily be obtained by

putting the predicted joint angles into Eq. 3.3 to obtain the end-effector positions

and then subtracting it from the the given end-effector positions. For the point (1,

-1) in Table 3.7, the predicted joint angles are out of range. This is because point
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Table 3.7: Determination of joint angles for different motion types of
PRRR configuration

Motion
End-effector positions Joint angles

type
(pY , pZ) (D1,Θ2,Θ3)

From To From To
i (0, -1) (0, -0.5) (0.46, 163.86, -238.01) (0.47, 144.67, -268.12)
ii (1.5, -1) (1, -1) (-13.75, -237.43, 393.7) (3.7, 314.06, -81.92)
iii (1, -1.5) (0.5, -1) (0.46, 171.53, -174.47) (-7.95, -27.22, 42.24)
iv (0.5, -1.5) (0, -1) (0.38, 164.99, -191.95) (0.46, 163.86, -238.01)
v (0, -1.1) (0, -0.6) (0.37, 159.88, -228.16) (0.39, 174.12, -257.36)

(1,-1) lies outside the workspace of the RRRP configuration and hence ANFIS

predicts erroneous result. It is to be noted that for the point (-1,1), though the

joint angles are out of range but the absolute error in end-effector position is within

10−1. This anomaly can be avoided by increasing the workspace of the RRRP

configuration. ANFIS is good at interpolation and hence it predicts accurate

result only when there are sufficient number of data points around the input end-

effector position (Jang et al., 2004). Hence, the input end-effector position should

not only lie in the workspace but there should also be sufficient number of training

data points around the input end-effector position. For PRRR configuration, the

absolute error in the end-effector positions for most of the motion types is less

than 10−1 except for the points (1.5, -1), (1, -1) and (0.5, -1). These exception

points lie outside the workspace of the PRRR configuration.

3.3.5 Torque Estimation

After obtaining the joint angles corresponding to the end-effector positions for dif-

ferent motion types, it is desired to estimate the torque at each of the joints of the

climbing mechanism. For determining the torque, a trajectory is planned between

the from and to joint positions for different motion types of the climbing mecha-

nism. These joint positions can be found in the last two columns of Tables 3.6 and

3.7. Though the trajectory between any start and end positions can be planned

in many different ways, the trajectory in the present work is planned using the

method of modified linear function with parabolic blends. The derived equations

relating to the modified linear function with parabolic blends can be found in Ap-

pendix C. This method is also discussed in subsection 3.4.2. After obtaining the

time history of joint displacements between the from and to positions, the joint

displacements are put in Eq. 3.5, which is then solved to obtain the torque at the

joints of the robot. The properties of the links of the climbing mechanism are same

as given in Table 3.8. While determining the time history of joint displacements,

the constant angular acceleration at the blends is taken as 0.1 rad s−2 for all the

joints and for all the motion types. The start, end and the rest times are taken
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as 0 s, 12 s and 1 s, respectively, for all the joints in all the motion types. The

trajectories of the joints and the evaluated torque during different motion types

are given in Figs. 3.12 to 3.19. The maximum torque acting at the joints can be

found from the plots of Figs. 3.12 to 3.19. After finding the maximum torque at

the joints, one can use an electric motor of the required torque at the joints. Many

a time, due to operational requirements, the torque at the joints may become more

than the theoretical value, hence it is always desirable to consider a safety factor

of 1.5 or a suitable value depending on the requirement, and choose an electric

motor so that the motor doesn’t get damaged once it crosses its threshold torque.

In the present case, for a particular configuration of the climbing mechanism, the

inertia matrix and the Coriolis vector would remain same for the motion types but

the gravity vector would change depending upon the orientation of the base frame.

While calculating the torques for motion types I and II, the gravity vector is :-

(−g, 0, 0, 0)T . The gravity vector is :- (−g cos(45°), 0,−g sin(45°), 0)T for motion

type IV. for motion types V and VI, the gravity vector is :- (0, 0,−g, 0)T . This

change in coefficients of the gravity vector is also evident from Figs. 3.7 and 3.8.

Similarly, the inertia matrix and the Coriolis vector would remain same for all the

motion types of PRRR configuration. For PRRR configuration, the gravity vector

is (−g, 0, 0, 0)T for motion type i. For motion types iv and v, the gravity vector

is :- (0, g, 0, 0)T .

0 5 10
0

0.5

1

1.5

2

Time (s)

J
o

in
t 

d
is

p
la

c
e

m
e

n
ts

 

 

θ2(rad)
θ3(rad)
d4(m)

(a)

0 2 4 6 8 10 12
−200

−180

−160

−140

Time (s)

τ
2
(N

m
)

(b)

0 2 4 6 8 10 12
0

5

10

15

Time (s)

τ
3
(N

m
)

(c)

0 2 4 6 8 10 12
40

50

60

70

Time (s)

F
4
(N

)

(d)

Figure 3.12: (a)Trajectories of the joint variables θ2, θ3 and d4 and,
torque plots of the actuators in (b) joint 2, (c) joint 3 and (d) joint 4
for motion type-I

71TH-2554_156103012



0 5 10
0

0.5

1

1.5

2

Time (s)

J
o

in
t 

d
is

p
la

c
e

m
e

n
ts

 

 

θ2(rad)
θ3(rad)
d4(m)

(a)

0 2 4 6 8 10 12
−200

−100

0

100

Time (s)

τ
2
(N

m
)

(b)

0 2 4 6 8 10 12
−5

0

5

10

15

Time (s)

τ
3
(N

m
)

(c)

0 2 4 6 8 10 12
40

60

80

100

Time (s)

F
4
(N

)

(d)

Figure 3.13: (a)Trajectories of the joint variables θ2, θ3 and d4 and,
torque plots of the actuators in (b) joint 2, (c) joint 3 and (d) joint 4
for motion type-II
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Figure 3.14: (a)Trajectories of the joint variables θ2, θ3 and d4 and,
torque plots of the actuators in (b) joint 2, (c) joint 3 and (d) joint 4
for motion type-IV
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Figure 3.15: (a)Trajectories of the joint variables θ2, θ3 and d4 and,
torque plots of the actuators in (b) joint 2, (c) joint 3 and (d) joint 4
for motion type-V
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Figure 3.16: (a)Trajectories of the joint variables θ2, θ3 and d4 and,
torque plots of the actuators in (b) joint 2, (c) joint 3 and (d) joint 4
for motion type-VI
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Figure 3.17: (a)Trajectories of the joint variables D1, Θ2 and Θ3 and,
torque plots of the actuators in (b) joint 1, (c) joint 2 and (d) joint 3
for motion type-i
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Figure 3.18: (a)Trajectories of the joint variables D1, Θ2 and Θ3 and,
torque plots of the actuators in (b) joint 1, (c) joint 2 and (d) joint 3
for motion type-iv
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Figure 3.19: (a)Trajectories of the joint variables D1, Θ2 and Θ3 and,
torque plots of the actuators in (b) joint 1, (c) joint 2 and (d) joint 3
for motion type-v

3.4 Tuning of Feedback Gains of a RRRP serial

chain manipulator

This section controls an RRRP pick and place robot, having a three dimensional

workspace, using a PID control law wherein the feedback gains are tuned us-

ing Floquet theory. Floquet theory ensures that the trajectory tracking errors are

asymptotically stable. Floquet theory is straightforward compared to the complex

derivations of the design criteria for tuning rules prescribed in literature. More-

over, tuning the feedback gains using Floquet theory does not require knowing

the uniform bounds of the inertia matrix and the Jacobian of the gravity vector.

Floquet theory can also be applied to the RRRP climbing mechanism.

3.4.1 Model of the RRRP pick and place robot

The schematic of the RRRP pick and place robot is shown in Fig. 3.20, comprising

of three revolute joints and one prismatic joint. Links 1 and 2 are solid circular

rods, link 3 is a hollow circular rod and link 4 is a solid circular prismatic rod.

The mass moments of inertia of these links can be found by the procedure given

in Pratihar (2017). The actuators produce torques τ1, τ2, τ3 for the three revolute

joints and force F4 for the prismatic joint. The properties of the links can be

found in Table 3.8. It may be noted that the RRRP pick and place robot shown

in Fig. 3.20 is similar but not exactly same as the RRRP configuration of the

climbing mechanism, shown in Fig. 3.6a. The coordinate frames placed at the

75TH-2554_156103012



Figure 3.20: RRRP pick and place robot manipulator with 3-D
workspace

Table 3.8: Properties of the RRRP pick and place robot

Quantity Link 1 Link 2 Link 3 Link 4
Length (m) 1 1 0.4 1
Mass (kg) 12 10 8 10

Distance of centre of gravity of link i
from the origin of basis i (m) 0.5 0.5 0.05 0.5

Radius (m) 0.05 0.05 0.04* 0.05
* indicates the radius of link 3, which is a hollow circular rod. The cross-sectional
area of link 3 is equivalent to the cross-sectional area of a solid circular rod with a
radius 0.04 m

joints of RRRP pick and place robot of Fig. 3.20 are different than the RRRP

configuration of the climbing mechanism of Fig. 3.6a.

The equations of motion of the RRRP pick and place robot are derived using the

Lagrange Euler formulation following the convention of Fu et al. (1987) as-

[M(q)]4×4[q̈]4×1 + [C(q, q̇)]4×1 + [G(q)]4×1 = [Γ]4×1 (3.5)

In Eq. 3.5, the torque vector, [Γ], can be written as the sum of the nominal torque,

[Γ]n and the feedback torque, [Γ]f .

[M(q)][q̈] + [C(q, q̇)] +G(q) = [Γ]n + [Γ]f (3.6)

where q is the vector of joint variables (θ1, θ2, θ3, d4), q̇ and q̈ represent the joint

velocities and accelerations respectively, [M(q)], [C(q, q̇)] and [G(q)] represent the

mass matrix, coriolis vector and gravity vector respectively. The coefficients of

mass matrix, coriolis vector and gravity vector are given in Appendix D. Assuming
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a desired trajectory qd(t), [Γ]n is the nominal torque required to track qd, which

can be calculated by substituting q(t) with qd(t) on the left hand side of Eq. 3.6.

But given the highly nonlinear nature of the robot equations, tracking control

requires an additional feedback term [Γ]f (to be added to [Γ]n), given by-

[Γ]f = −[KP ]4×4[e]− [KV ]4×4[ė]− [KI ]4×4

∫
[e] dt (3.7)

where [e]4×1 is the vector of joint tracking errors, given by the difference between

the actual and the desired trajectories, [KP ], [KV ], [KI ] are diagonal feedback gain

matrices comprising gains Kp, Kv, Ki. In this work, the diagonal elements in

each of the feedback gain matrices are assumed to be the same. However, their

units would depend upon the type of the joint. For the RRRP robot consid-

ered in this work, the units of the gains Kp, Kv, Ki, in their respective matrices

[KP ], [KV ], [KI ], for the first three revolute joints are N m, N m s and N m s−1

whereas for the last joint (which is prismatic) the units of Kp, Kv, Ki are N m−1,

N m−1 s and N m−1 s−1 respectively. The magnitude of the gains Kp, Kv, Ki, in

their respective matrices [KP ], [KV ], [KI ], are same for all the joints of the robot.

3.4.2 Periodic Trajectory Planning

Trajectory planning is required to extract the desired trajectories which are to

be followed by the RRRP pick and place robot. Periodic trajectory planning

is of special importance to the present work, since the method of Floquet theory

requires the desired trajectories to be periodic. The trajectory of each of the joints

of the RRRP robot between the pick and the place positions is planned using the

method of “linear function with parabolic blends” as can be found in Mittal and

Nagrath (2003). However, in this work, the equations of motion associated with

the “linear function with parabolic blends” have been modified as a rest time has

been considered at the beginning and at the end of the trajectory of each joint

between the pick and the place positions of the RRRP robot. The equations of

motion for the modified “linear function with parabolic blends” have been derived

following the approach given in Mittal and Nagrath (2003) and are as follows-
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Table 3.9: The values of joint variables at the pick and place positions

Joint variables (Pick position) (Place position)
θ1 0◦ 60◦

θ2 0◦ 30◦

θ3 0◦ 20◦

d4 0m 0.3m

q = qpi, tst ≤ t < tr

q = qpi +
1

2
q̈co(t− tr)2, tr ≤ t ≤ tbl

q = qpi +
1

2
q̈co(tbl − tr)2 − q̈co(tbl − tr)tbl + q̈co(tbl − tr)t,

tbl < t ≤ tpl − (tbl − tr)

q = qpl −
1

2
q̈co(tpl − t)2, tpl − (tbl − tr) < t ≤ tpl

q = qpl, tpl < t ≤ tend

(3.8)

wherein tst is the start time, tr is the rest time, tbl is the blend time, tpl is the

time at place position, tend is the end time, qpi is the pick position, qpl is the place

position and q̈co is the constant acceleration at the parabolic blends. The blend

time and the constraint on the acceleration at the blends can be found out by

using the equations given below-

tbl =
1

2
(tpl + tr)−

1

2

√
q̈co(tpl + tr)2 − 4{(qpl − qpi) + q̈cotrtpl}

q̈co
(3.9)

|q̈co| ≥
4(|qpl − qpi|)
(tpl − tr)2

; q̈co 6= 0 (3.10)

The pick (initial) position in metres, of the end-effector is chosen as (1.2, 0, 1)

in Cartesian space with respect to the base co-ordinate frame. The place (final)

position in metres, of the end-effector is chosen as (0.612, 1.06, 1.46) in Cartesian

space with respect to the base co-ordinate frame. The values of joint variables

of the robot for the pick and place positions can be found using the inverse kine-

matics procedure, as given in Mittal and Nagrath (2003). The values of the joint

displacements, obtained using inverse kinematics, at the pick and place positions,

are given in Table 3.9.

After obtaining the values of joint displacements for each of the joints of the robot,

the trajectory of each of the joints can be obtained using the piecewise Eq. 3.8.

The constant angular acceleration at the blends, q̈co is taken as 0.35 rad s−2 and

the start time, tst is taken as 0 s and the end time, tend is taken as 12 s. The rest
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Figure 3.21: (a) The trajectory of the joint variable θ1 from pick position
to place position, (b) The periodic trajectories of the joint variables θ1, θ2
and θ3 till 100 s and, (c) The periodic trajectory of the joint variable d4
till 100 s

time, tr, at the beginning and towards the end of the trajectory is taken as 1 s.

In this work, the magnitudes of q̈co, tst and tend have been taken as same for all

the joints but their units would change accordingly for the prismatic joint. The

chosen acceleration satisfies the constraint, given by Eq. 3.10 and the blend time

accordingly can be calculated using Eq. 3.9 before obtaining the trajectories of

each joint. For joint 1, the pick position, qpi is 0 rad and the place position, qpl is
π
3

rad, as given in Table 3.9. A plot of the trajectory of joint 1 is shown in Fig.

3.21a. Similarly, the trajectories of joints 2, 3 and 4 can also be obtained.

The trajectories of the joints of the RRRP robot obtained till now are from the

pick position to the place position but each joint of the RRRP robot again returns

to its pick position after reaching the place position and continues the same pro-

cess. Many industrial robots work this way wherein they are required to perform

repetitive tasks (Ma et al., 2019) and hence have periodic trajectories of their

joints. The RRRP robot considered in this work also has a behaviour similar to

any industrial robot performing a repetitive task. Then the trajectory of each of

the joints of the RRRP robot would also become periodic. The periodic trajecto-

ries of the joint variables of the RRRP robot can be obtained by using the Fourier

half range cosine series, as given in (Kreyszig, 1999). In simple words, Fourier half

range series states that if one knows the half function of a cycle, the function of

the entire cycle or series can be obtained from the half function. The Fourier half
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range cosine series of a function with a period 2T is given as-

f(x) = a0 +
∞∑
n=1

an cos
nπ

T
x (3.11)

with coefficients a0 = 1
T

∫ T
0
f(x) dx and an = 2

T

∫ T
0
f(x) cos nπx

T
dx, n=1,2,...

In this work, the piecewise Eq. 3.8 is the half function and on using Fourier half

range cosine series, the trajectory equation of the entire cycle can be obtained.

The periodic trajectories of each of the joint variables of the RRRP robot are

shown in Figs. 3.21b and 3.21c . Twenty terms are considered for obtaining the

periodic trajectories of each of the joints of the RRRP robot using Eq. 3.11. In

Figs. 3.21b and 3.21c, it can be seen that till 100 s, each joint of the RRRP robot

reaches the pick position four times excluding the start position and the place

position four times. The calculations are performed using Mathematica 10.4.1.

3.4.3 Application of Floquet theory to the RRRP robot

In applying the Floquet theory, the reference (Thomas et al., 2010) and the ref-

erences (13, 14) contained therein are followed. To stabilize errors when tracking

a desired trajectory, qd(t), the variation of the error trajectory with time must

be tracked. Assuming q(0) ≈ qd(0) and q̇(0) ≈ q̇d(0) is satisfied, the stability of

this zero solution must be analyzed by computing the error differential equations.

Hence, a small perturbation about qd(t) is considered as-

q = qd + e⇒


q1
q2
q3
q4

 =


q1d
q2d
q3d
q4d

+


e1
e2
e3
e4

 (3.12)

For the RRRP robot discussed in the work, [q1, q2, q3, q4]
T = [θ1, θ2, θ3, d4]

T . Sub-

stituting Eq. 3.12 into Eq. 3.6 and using Eq. 3.7,

[M(qd + e)][q̈d + ë] + [C(qd + e, q̇d + ė)] + [G(qd + e)]

= [Γ]n − [KP ][e]− [KV ][ė]− [KI ]

∫
[e] dt (3.13)

In the above equation, M(qd + e) can be expanded as(
M(qd) +

[
∂M

∂q1
...
∂M

∂q4

]
q=qd

e

)
=

(
M(qd) +

[
∂M

∂q

]
q=qd

e

)
with similar

expansions for the matrices C and G. Also, by the definition of nominal torque,

[Γ]n = M(qd)q̈d+C(qd, q̇d)+G(qd). Furthermore, introducing the term z =
∫
e dt,
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the terms e, ė, ë can be written as ż, z̈,
...
z respectively. Making these changes and

neglecting higher order terms in z, ż, z̈,

M(qd)
...
z +

([
∂M

∂q

]
q=qd

ż

)
q̈d +

[
∂C

∂q

]
q=qd

ż +

[
∂C

∂q̇

]
q̇=q̇d

z̈

+

[
∂G

∂q

]
q=qd

ż = −[KP ]ż − [KV ]z̈ − [KI ]z (3.14)

⇒ ẏ = [Jn(t)]y (In the form of ẏ = f(y, t))

where y = [z, ż, z̈]T , [Jn(t)] is the Jacobian matrix which is a function of the

desired trajectories, qd(t), and the feedback gains Kp, Kv, Ki. Since the desired

trajectories, qd(t), obtained in subsection 3.4.2 are in periodic form, [Jn(t)] is also

periodic (with some period T ). Hence, the stability of Eq. 3.14 can be analyzed

using Floquet theory, by computing the Floquet multipliers (Thomas et al., 2010)

as follows-

1. The following matrix differential equation is solved over one period (t = 0

to t = T ) using the initial condition X(0) = I

dX

dt
= [Jn(t)]X (3.15)

where X(t) is the fundamental solution matrix and the eigenvalues of X(T )

(Monodromy matrix) are known as the Floquet multipliers. It may be noted

that [Jn(t)] in Eq. 3.15 is same as [Jn(t)] in Eq. 3.14.

2. If all Floquet multipliers are less than one, the zero solution is asymptotically

stable, i.e. y(t) (and hence e(t) and ė(t)) → 0 as t→∞.

3. If any of the Floquet multipliers are greater than one, the zero solution is

unstable, i.e. y(t) (and hence e(t) and ė(t)) →∞ as t→∞.

Hence, given that [Jn(t)] comprises gains Kp, Kv, Ki, the tuning problem reduces

to finding such gains at which the Floquet multipliers are lesser than one. This is

a simple numerical search problem since the integration of Eq. 3.15 is only from

t = 0 to t = T .

3.4.4 Numerical Simulation Results for Trajectory Track-

ing

Numerical simulations for tracking the desired trajectories are presented in this

section. All numerical simulations are carried out in MATLAB 2019a using the
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inbuilt ode15s solver. The relative and absolute tolerances are kept at 10−9 and

10−9 respectively. The results are checked for smaller values of tolerance and

convergence is observed.

The following tuning procedure is adopted to conduct the numerical study to

derive the feedback gains that guarantee stability of an RRRP robot in tracking

a desired time-varying trajectory-

1. A small perturbation is applied around the desired trajectory to derive the

error equation, as given in Eq. 3.14 and hence the Jacobian matrix [Jn(t)]

is obtained.

2. A numerical search is conducted for different values of feedback gains

Kp, Kv, Ki for which the largest Floquet multiplier, as calculated by using

Eq. 3.15, is lesser than one, i.e. where the system is asymptotically stable.

To conduct the search, it is necessary to identify broadly, the ranges where

asymptotic stability can (or cannot) be expected to occur. In a prior work

in literature (Lankalapalli and Ghosal, 1997), ranges of controller gains are

identified for which a 2R planar robot driven by PD and model based control

would exhibit chaotic motions (i.e. lack of asymptotic stability). The au-

thors in (Lankalapalli and Ghosal, 1997) determined a crucial result - namely

that chaos occurred for low values of derivative gain and relatively higher

values of proportional gain. Here, a PID controller has been used which has

an integral term in addition to the proportional and derivative terms. Fur-

thermore, this work deals with 3D motion of the robot, whereas the research

in (Lankalapalli and Ghosal, 1997) dealt with 2D motions. Nonetheless,

result from (Lankalapalli and Ghosal, 1997) in literature can be used as a

starting point i.e., the search can be started from very low values of both

derivative and proportional gains up till relatively higher values. Here, the

search is conducted for 0 ≤ Kp ≤ 500, 0 ≤ Kv ≤ 5 and 0 ≤ Ki ≤ 10.

3. This search is presented by 2D plots in Kp vs. Kv space for different values

of Ki. Eq. 3.15 is integrated from t = 0 to t = 24 s. The time period is 24

s as is evident from Figs. 3.21a and 3.21b. A flowchart depicting the steps

to be followed for carrying out the numerical search is shown in Fig. 3.22.

The overall algorithm for the numerical search is given in Appendix E. It

may be noted that the plots in Fig. 3.23 have been generated by putting

Kpmax=500, Kvmax=5 and T=24.

4. As mentioned in the first part of subsection 3.4.3, Floquet theory requires

that q(0) ≈ qd(0) and q̇(0) ≈ q̇d(0) for all the joints of the RRRP robot and

the same has been ensured in all of the calculations made for the results

presented in this work.
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Solve

Figure 3.22: Flowchart depicting the steps for carrying out the numer-
ical search to generate the Kp versus Kv map
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Figure 3.23: Regions of stability for Kp versus Kv plots, corresponding
to 1st joint of the robot, for various values of Ki (a) Ki = 0.05, (b) Ki = 0.1
, (c) Ki = 0.25, (d) Ki = 0.5, (e) Ki = 0.75, (f) Ki = 0.8, (g) Ki = 1, (h)
Ki = 5 and (i) Ki = 10
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Figure 3.23 shows the parametric instability regions in Kp vs. Kv plane for varying

Ki, corresponding to 1st joint of the robot, where the region with dots represent the

stable state, i.e. for those values of Kp and Kv, the tracking error corresponding

to the 1st joint of the RRRP robot goes to zero asymptotically. It may be noted

that the regions of stability for Kp vs. Kv plots for various values of Ki, for the

remaining three joints of the robot are exactly similar to the plots of Fig. 3.23,

corresponding to the 1st joint of the robot. This is because as stated towards the

end of subsection 3.4.1, the magnitude of the feedback gains Kp, Kv, Ki, in their

respective matrices [KP ], [KV ], [KI ], are same for all the joints of the robot, only

their units change depending upon the type of the joint. Many such Kp vs. Kv

plots are generated in 2D for various other values of Ki (not presented here). It

is evident from Fig. 3.23 that as Ki increases, the region of stability in the Kp vs.

Kv map shifts towards higher values of Kp and Kv.

To verify the accuracy of the aforementioned plots, a particular value of Kp and

Kv (say Kp = 280 and Kv = 5 in Fig. 3.23d) is chosen and the tracking errors and

their respective velocities are computed using Eq. 3.5. These tracking error plots

are as shown in Fig. 3.24. The plots indicate that the tracking error and its velocity

for each of the joints approach zero asymptotically for the above mentioned values

of Kp and Kv. The same is confirmed by phase portraits also shown in Figs. 3.24c,

3.24f, 3.24i and 3.24l.

In Fig. 3.24, it can be seen that the error plots do show certain sinusoidal be-

haviour. This may lead to an erroneous conclusion that asymptotic stability is not

achieved. To verify whether the errors go to zero asymptotically, the error differen-

tial equations, with the values of controller gains corresponding to the plots in Fig.

3.24, are integrated for larger times and the ensuing error plots are shown in Fig.

3.25. From Fig 3.25, it can be observed that the errors go to zero asymptotically.

The accuracy of the plots in Fig. 3.24 can be further confirmed by choosing a value

of Kp and Kv (say Kp = 180 and Kv = 0.5 in Fig. 3.23d) in the unstable zone and

plotting the tracking errors and their respective velocities for such values. These

response plots are shown in Fig. 3.26. The plots clearly show that the system

is unstable as the system responses increase with time or the tracking errors are

unbounded.

It is pertinent to note that computation of the regions of stability are made using

the Jacobian [Jn(t)] derived from subsection 3.4.3, and did not require the bounds

of the inertia matrix and/or Jacobian of the gravity vector. This demonstrates the

use of Floquet theory in overcoming the requirement of the bounds of the inertia

matrix and the Jacobian of the gravity vector.

The following observations can be made from the results of response plots as part

of the numerical search mentioned earlier in this section -

1. Figure 3.23 clearly indicates that for higher values of Ki, the region of sta-
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Figure 3.24: Time response of tracking error, its velocity and phase
portrait corresponding to the joint variables (a), (b) ,(c) θ1; (d), (e), (f)
θ2; (g), (h), (i) θ3 and (j), (k), (l) d4 for Kp=280, Kv=5 and Ki=0.5

bility exists only for higher values of Kp and Kv. For Ki=5, the region of

stability in the Kp vs. Kv map (0 ≤ Kp ≤ 500, 0 ≤ Kv ≤ 5) was smaller

as compared to lower values of Ki, with the stable region appearing as a

quadrant at the upper right corner of the Kp vs. Kv map. For Ki=10, the

Kp vs. Kv map (0 ≤ Kp ≤ 500, 0 ≤ Kv ≤ 5) was much smaller with fewer

dots at the upper right corner of the Kp vs. Kv map. Thus, the region of

stability of the system shifts right and up, towards higher values of Kp and

Kv as Ki increases.

2. It is also observed that the region of stability shifts towards higher values of

Kp and Kv for a fixed Ki for heavier links in the RRRP robot.

3. In Fig. 3.24, it can be seen that the overshoot of e1 is higher as compared

to e2, e3 and e4. e1 is in the order of 10−3 which is quite small. Fig. 3.25

clearly shows that for larger time, e1 goes to zero asymptotically and so does

errors e2, e3, e4 and their velocities.

The nominal torque plots of the actuators are shown in Fig. 3.27.
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Figure 3.25: Time response of tracking error, its velocity and phase
portrait corresponding to the joint variables (a), (b) ,(c) θ1; (d), (e), (f)
θ2; (g), (h), (i) θ3 and (j), (k), (l) d4 for Kp=280, Kv=5 and Ki=0.5 for
a greater time

The use of Floquet theory in overcoming the requirements of the bounds on the

inertia matrix and the Jacobian of the gravity vector can be further demonstrated

by carrying out the numerical search for a different inertia of the robot as compared

to the design inertia, i.e. where the lengths, masses, distances of centre of gravity

of the links from the bases and radii of the links have been changed randomly

as compared to these properties in Table 3.8. The new and changed properties

of the RRRP robot are given in Table 3.10. The absolute percentage change in

properties of the RRRP robot of Table 3.10 with respect to the properties of

the RRRP robot of Table 3.8 can be found in Table 3.11. Then, Floquet theory

is applied to the RRRP robot with different inertia and the regions of stability

are obtained (not presented here). From such regions of stability, a particular

point is chosen, namely Kp = 350, Kv = 4, Ki = 0.25, and the error plots

are computed as shown in Fig. 3.28. From Fig. 3.28, it can be observed that the

errors and their respective velocities go to zero asymptotically, thereby establishing

asymptotic stability. Thus, robustness to change in inertia of the RRRP robot can
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Figure 3.26: Time response of tracking error, its velocity and phase
portrait corresponding to the joint variables (a), (b) ,(c) θ1; (d), (e), (f)
θ2; (g), (h), (i) θ3 and (j), (k), (l) d4 for Kp=180, Kv=0.5 and Ki=0.5

Table 3.10: Changed properties of the RRRP robot

Quantity Link 1 Link 2 Link 3 Link 4
Length (m) 1.1 0.977 0.412 0.933
Mass (kg) 12.876 10.1 8.72 9.45

Distance of centre of gravity of link i
from the origin of basis i (m) 0.48 0.525 0.049 0.51

Radius (m) 0.054 0.053 0.043 0.048

be established using Floquet theory.

3.4.5 Comments on Floquet theory

This subsection presents a list of comments that can be made about the applica-

tion of Floquet theory to tune controller gains for asymptotic stability, where the

advantages and limitations of such an approach are highlighted. Future possible

applications of Floquet theory are also discussed further in this subsection.
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Figure 3.27: Nominal torque plots of the actuators in (a) joint 1, (b)
joint 2, (c) joint 3 and (d) joint 4 of the RRRP robot

Table 3.11: Absolute percentage change of properties in Table 3.10 with
respect to the properties in Table 3.8

Quantity Link 1 Link 2 Link 3 Link 4
Length (m) 10 2.3 3 6.7
Mass (kg) 7.3 1 9 5.5

Distance of centre of gravity of link i
from the origin of basis i (m) 4 5 2 2

Radius (m) 8 6 7.5 4

3.4.5.1 Advantages and Limitations of Floquet theory

1. Several tuning rules proposed in literature for stabilizing tracking errors

of robot manipulators required, at the minimum, the bounds of the inertia

matrix. References to such researches are given in subsection 1.3.8 of chapter

1 (see for example (Abdallah et al., 1991; Craig et al., 1987; Lewis et al., 2003;

Sadegh and Horowitz, 1990; Spong et al., 2004) and (Cervantes and Alvarez-

Ramirez, 2001)). But, in the present work, the Floquet theory is successfully

applied to find feedback gains for asymptotically stabilizing tracking errors

for an RRRP robot without requiring any such bounds. Furthermore, the

application of Floquet theory (as is evident from the procedure given in

subsection 3.4.3) can be made to any serial n-link manipulator, irrespective

of (i) the number of links present, (ii) whether the motion of the robot is in

two or three dimensions and (iii) whether the robot comprises revolute or

prismatic joints.
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ė
1
(r
a
d
s
−
1
)

(b)

−1.5 −1 −0.5 0

x 10
−3

−2

−1

0

1

2
x 10

−3

e
1
 (rad)

ė
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Figure 3.28: Time response of tracking error, its velocity and phase
portrait corresponding to the joint variables (a), (b) ,(c) θ1; (d), (e), (f)
θ2; (g), (h), (i) θ3 and (j), (k), (l) d4 for Kp=350, Kv=4 and Ki=0.25 for
a different inertia of the robot as compared to the design inertia

2. For analyzing the stability of a system using Floquet theory, the Jacobian

matrix [Jn(t)] in Eq. 3.14 should be time periodic. Given that the matrix

[Jn(t)] comprises the desired trajectories, the desired trajectories themselves

must be periodic for Floquet theory to be applied. For this reason, trajec-

tory planning is specifically done to ensure that the desired trajectories are

periodic. This is a limitation of Floquet theory, as it is not necessary that

desired periodic trajectories can be obtained for every robot performing any

task.

3. Floquet theory is useful for determining only local stability. Local stability

implies stability about the vicinity of the chosen periodic orbit, in this case,

the desired trajectories - i.e., the actual trajectory of the robot must start in

the vicinity of the desired trajectory (q(0) ≈ qd(0) and q̇(0) ≈ q̇d(0)). On the

other hand, global stability does not require the actual trajectory to start in

the vicinity of the desired trajectory. Hence, in the form presented in this

work, Floquet theory cannot be used for global stability analysis.
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4. Floquet theory is a linearized stability analysis - this can be observed from

the fact that the derivation of Eq. 3.14 requires neglecting higher order error

terms. Although this is a limitation, the usefulness of Floquet theory can

be understood from the fact that the linearization carried out in this work

is about a reference solution as opposed to an equilibrium point. This is of

particular importance in robot control theory due to the fact that in litera-

ture, two types of control for robot manipulators have been studied (Spong

et al., 2004) - (i) Set point control, which deals with studying stability about

a desired point (not varying with time), and (ii) trajectory tracking, which

deals with stability in tracking a desired time varying trajectory. Trajectory

tracking is the harder problem in robot control theory. Given that Flo-

quet theory deals with linearization about a reference trajectory as opposed

to a desired point, it is fundamentally useful when dealing with trajectory

tracking.

3.4.5.2 Future Possible applications of Floquet theory

One of the drawbacks of PID controllers is that they may not give optimal results

in the presence of disturbances and parametric uncertainty in system parame-

ters. The application of Floquet theory in the case of parametric uncertainty

has been demonstrated in (Reddy and Ghosal, 2018), where the authors apply

Floquet theory to a 2D planar robot in the presence of parametric uncertainties

driven by an augmented PD controller. The authors in (Reddy and Ghosal, 2018)

demonstrated that asymptotic tracking could be achieved only for small values

of mismatch in model parameters. Similar analysis can be conducted for other

types of controllers (apart from the augmented PD controller) and the relation

between the mismatch in the model parameters and the ranges of controller gains

for asymptotic stability can be obtained. However, the application of Floquet

theory to cases involving disturbances is not straightforward. When disturbances

are present, the robot equations given by Eq. 3.5 will include a disturbance vector

(for example, [B(t)]4×1) on the right hand side. When the analysis conducted in

subsection 3.4.3 is applied to such a case, there will be an inhomogeneous term in

Eq. 3.14 in addition to the homogeneous term. Equation 3.14 would be replaced

by ẏ = [Jn(t)]y + [H(t)], where [Jn(t)] is the homogeneous term and [H(t)] is

the inhomogeneous term (resulting from the disturbance vector). To analyze the

stability in this case, the Extended Floquet theory (Slane and Tragesser, 2011)

must be used. However, there are certain limitations of this approach - namely,

that such a technique can guarantee only simple stability and not asymptotic

stability. Moreover, this approach also requires the inhomogeneous term ([H(t)],

comprising the terms in the disturbance vector) to have the same time period as

that of the homogeneous term ([Jn(t)], comprising the desired trajectory terms).

This implies that the time period of the terms in the disturbance vector must be
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the same as the time period of the desired trajectories. In practice however, this

cannot be guaranteed. For this reason, the case of disturbances requires further

analysis. Details on the Extended Floquet theory can be found in reference (Slane

and Tragesser, 2011).

3.5 Summary

This chapter presents two climbing mechanisms, one based on prismatic joint and

the other based on four degrees of freedom revolute-revolute-revolute-prismatic

(RRRP) serial chain manipulator. The prismatic joint based climbing mechanism

can climb only vertical straight pipes whereas the RRRP climbing mechanism can

climb both vertical straight and ninety degree bend pipes. As the pipe climb-

ing robot has an inchworm motion while it climbs the pipe, the RRRP climbing

mechanism changes its configuration between RRRP and PRRR configuration at

each step of the motion of the robot. The joint angles corresponding to the end-

effector’s position for different motion types are obtained using adaptive neuro-

fuzzy inference system (ANFIS). Finally, the torque acting at each joint of the

RRRP climbing mechanism for its two configurations are evaluated. This dy-

namic analysis of the RRRP climbing mechanism would be helpful to fabricate a

pipe climbing robot with the ability to move on vertical straight and ninety degree

bend pipes.

In the later half of the chapter, the trajectory tracking of the joints of a RRRP

pick and place robot driven by a PID control law is studied, the feedback gains of

which are tuned using Floquet theory. As Floquet theory can only be applied to

periodic systems, a method is also presented to generate a periodic trajectory for

any serial robot undergoing a pick and place operation. The robustness of Floquet

theory to change in inertia of the RRRP robot is also established in this chapter.

The Floquet theory can also be applied to the RRRP climbing mechanism if the

pipe climbing robot executes a repetitive motion.
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Chapter 4

Development of a Pipe Climbing

Robot

4.1 Introduction

This chapter discusses the fabrication, electronic components integration, perfor-

mance and overall development of the pipe climbing robot. The materials used

for fabricating the robot are given in section 4.2. The load carrying capacity of

the gripper is discussed in section 4.3. The prototype of the pipe climbing robot is

given in section 4.4. This section also discusses the robot’s working, the electronic

components used, the robot’s performance based on payload to weight ratio, and

energy consumption. Section 4.5 discusses the mode of operation of the robot for

pipes of any dimensions.

4.2 Materials Used and Fabrication

The transparent plates in the gripper are made of perspex and are cut into the

required dimensions using C02 laser cutting machine. The plates are of dimensions

: (300× 150× 8.5) mm3. The inner cavity in the plates is of dimensions : (100×
60 × 8.5) mm3. The beams have been cut from spring steel sheets of C-80 grade

using wirecut electrical dischrge machining (EDM). The machining process and

the fabricated beams are shown in Fig. 4.1. The cams are made of mild steel and

have been fabricated using wirecut EDM. After the fabrication, the cam profile

has been smoothed using CNC milling machine. The fabricated cams are shown

in Fig. 4.2a. The camshaft is also made of mild steel and has been fabricated

using CNC lathe. The cams have been attached to the camshaft in the required

positions using tungsten inert gas (TIG) welding, as shown in Fig. 4.2b. The

supports for DC motors and stepper motors have been fabricated from mild steel

bars. The lever is also made of mild steel bar but has been bent to the required

shape by forging, as shown in Fig. 4.3.
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(a) (b)

(c) (d)

Figure 4.1: (a) Cutting operation being carried out at the Wirecut
EDM machine, (b) display panel of the Wirecut EDM machine, show-
ing the completion of cutting, (c) fabricated beams for carrying out
experiments to determine snapping load (discussed in chapter 2), and
(d) fabricated beams to be fitted into the gripper

(a) (b)

Figure 4.2: (a) Fabricated cams, and (b) cams welded to the camshaft

94TH-2554_156103012



(a) (b)

(c)

Figure 4.3: (a) A mild steel bar being heated using oxy-acetylene flame
coming out of a weld torch, (b) the bar being hammered to the required
shape of the lever, and (c) the fabricated lever

4.3 Load Carrying Capacity of the Gripper

Fig. 4.4 shows the prototype of the gripper. The gripper with six bolts, as shown

in Fig. 4.4a, weighs 22.45 N. While carrying out experiments, it is found that

the gripper with six bolts can carry an additional weight of 49.05 N. Thus, the

overall load bearing capacity of the gripper with six bolts is 71.5 N and has a

payload of 49.05 N. In order to increase the payload of the gripper, the weight

of the gripper is reduced. This is done by reducing the number of bolts in the

gripper. The gripper with two bolts, as shown in Fig. 4.4b, weighs 16.84 N and

has an overall load bearing capacity of 36.46 N. The payload to weight ratio of

the gripper with six bolts is 2.185 as compared to the gripper with two bolts, for

which this value is 1.165. Also, the overall load bearing capacity of the former

case is much higher than the latter. Hence, to increase the payload of the gripper

without compromising its overall load bearing capacity, in the final prototype, two

bolts with a nominal length of 200 mm are used as shown in Figs. 4.4b and 4.4c

but the four holes in the plates associated with the bistable buckled beam are

filled with bolts of nominal length 25 mm. The remaining four holes associated

with the dummy plate are kept empty, as shown in Fig. 4.4c. The final prototype

weighs 17.43 N and has an overall load bearing capacity of 71.5 N.
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(a)
(b)

(c) (d)

Figure 4.4: Prototype of the gripper with (a) 6 bolts, (b) 2 bolts,
(c) mechanical drive system and (d) snapshot of the experiment for
determining the load carrying capacity

After the design and development of the gripper, it is integrated with the mechan-

ical drive system, as shown in Fig. 4.4c. There are also supports for the stepper

motor at the two ends of the gripper. The gripper weighs 30.66 N and its overall

load bearing capacity is 128.76 N. The increase in overall load bearing capacity of

the gripper is due to the fact that camshaft in the gripped state also contributes

to the gripping force, as shown in Fig. 4.4d. The payload to weight ratio of the

gripper with the mechanical drive system is 3.2. Thus, the final prototype of the

gripper along with the mechanical drive system can carry an additional load of

98.1 N.

4.4 Prototype of the Pipe Climbing Robot

The two grippers are integrated to form a pipe climbing robot, namely, Complibot,

as shown in Fig. 4.5. Complibot has a motion similar to that of an inchworm. The

two grippers are connected through two electrically actuated lead screws, which

give a translational motion to the free gripper with respect to the fixed gripper. A

CAD model of the climbing mechanism consisting of two electrically actuated lead

screws is shown in Fig 4.6. Each lead screw is actuated using a stepper motor.
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Figure 4.5: Isometric view of the 3-D CAD model of the pipe climbing
robot with two grippers and a climbing mechanism

Flexible coupling Lead screw

Stepper motor

Figure 4.6: Isometric view of the 3-D CAD model of the climbing mech-
anism

4.4.1 Working

After assembling the prototype around the pipe, the lower gripper grips the pipe.

First, the camshaft of the lower gripper rotates by an angle of ninety degrees and

stops. The cam I pushes the bistable buckled beam from its OFF position to ON

position, as is evident from the displacement diagram of cam I, as shown in Fig.
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2.23b in chapter 2. The cam I continues to be in this position till the time the

bistable buckled beam is in ON position. Next, the two stepper motors actuate

the two lead screws synchronously, which push the upper gripper upward. The

upper gripper remains free during all this time. After pushing the upper gripper

to a pre-defined distance, the stepper motors stop. Then, the upper gripper grips

the pipe. This is followed by lower gripper ungripping the pipe. While ungripping

the pipe, the camshaft corresponding to the lower gripper which stopped after

rotating ninety degrees completes the remaining two hundred seventy degrees and

in doing so, cam II actuates the lever and brings the bistable buckled beam from

its ON position to OFF position. Now, the upper gripper is fixed while the lower

gripper is free. The two stepper motors rotate synchronously in the opposite sense

this time, and hence the upper gripper pulls the lower gripper upward. Again,

the lower gripper grips the pipe followed by the ungripping of the upper gripper.

The stepper motors rotate and push the upper gripper upward with respect to the

lower gripper. This process continues. The entire process would get reversed if

the robot were to move in downward direction.

4.4.2 Actuators and Sensors Used

The pipe climbing robot uses a total of four actuators. Each gripper uses a DC

motor to actuate the camshaft and there are two stepper motors which work

synchronously to execute the translational motion of the robot. The robot uses

NEMA 17 stepper motors which have a holding torque of 5.6 kg cm. Each stepper

motor is driven through a TB6600 stepper motor driver, which controls the stepper

motor’s movement and speed. The DC motors used have a rated voltage and a

rated speed of 12 V and 30 r.p.m., respectively. Both the DC motors are driven

by two relays in a relay module. Each gripper also uses an infra-red (IR) obstacle

sensor to control the position of cam I in the camshaft. The cam I in both the

grippers stop after the camshaft rotates an angle of ninety degrees from the initial

position. The angular position of the cams, the linear movement of one gripper

with respect to the other gripper and the periodic motion of all the actuators, one

after the other are controlled by a program written in Arduino software and fed to

the Arduino Uno micro-controller board. A two button switch is used to control

the upward and downward motion of the robot. A current sensor is also used to

calculate the power consumed by the robot.

4.4.3 Demonstration

Figure 4.7 shows some snapshots of the movement of the robot on a vertical PVC

pipe of 110 mm diameter. The robot works well and climbs up and down the pipe

without any slip. This robot can also be used to climb other cylindrical objects like

areca nut tree and electric poles. Table 4.1 compares the developed pipe climbing
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 4.7: Snapshots of the movement of the robot on a vertical pipe

robot, Complibot, with some of the existing pipe climbing robots. The data for

the existing pipe climbing robots in Table 4.1 has been taken from the data in

Table 1.4.

From Table 4.1, it can be seen that Complibot has a payload to weight ratio of 0.52

and consumes an average power of 18.58 W. Thus, Complibot is a very efficient

robot as it has a very high payload to weight ratio compared to the minimum

99TH-2554_156103012



Table 4.1: Comparison with similar pipe climbing robots

Pipe
Mass Payload

Payload
Energy/ Velocity

climbing
(kg) (kg)

to weight
Power (m min−1)

robots ratio
Das et al. (2016) 20 — — — 2.18
Han et al. (2016) 30 10 0.33 — 10.8

Khan et al. (2020) 1.42 0.08 0.06 — 1.5
Tavakoli et al. (2011) 42 — — — 1

Lau et al. (2013) 3 — — — 0.23
Guan et al. (2016) 17.5 2.5 0.14 272.3 J —

(Inchworm gait)
Complibot 7.69 4 0.52 18.58 W 0.2

power it consumes.

4.5 Mode of Operation of the Robot

There are provisions in Complibot by which it can adapt to pipes of different

diameters. To use and assemble the Complibot on a pipe, the following steps are

to be followed-

• Find out the pipe specifications

At first, the pipe diameter, Dp, is to be found out. In most cases, the user

would be knowing the pipe diameter, Dp, beforehand. However, it can be

found out by measuring the circumference of the pipe with a measuring tape.

• Calculate weight of the robot

Next, the total weight of the robot or the total weight on the pipe, W , is

to be calculated by combining the weights of gripper, climbing mechanism,

payload, among others.

• Selection of a proper beam and calibration

With W known, the gripper should generate as much grip on the pipe that

the friction force, Ff , generated is greater than the total weight W . This

ensures a successful grip on the pipe. Thus, the gripping of pipe by the

gripper depends on the condition-

Ff > W (4.1)

The value of Ff depends on the following two factors-

(a) The coefficient of friction, µ, between the rubber pads and the pipe.

(b) The gripping force, Fg, exerted by the bistable buckled beam.
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As stated before in chapter 2, the gripping force, Fg, that the bistable buckled

beam exerts on the pipe depends on the width and thickness of the beam

and the axial deflection, Da, given to the unstressed beam. Also, emphasis

is to be given to the material of the rubber pads. It is preferable to use pads

made of silicone rubber. This is because the value of µ of silicone rubber

with other surfaces is mostly greater than one, µ > 1. This ensures a lesser

gripping force to be exerted by the bistable buckled beam on the pipe and

hence lesser size of the beam and smaller Da.

The gripping force, Fg exerted by the buckled beam on the pipe can be

calculated with the help of following formula-

Fg =
Ff
µ

(4.2)

where Ff > W . The snapping load of the mid-point of the buckled beam, Ls,

is equivalent to Fg. Hence, with Fg calculated, the user can select a beam of

a particular dimension and the amount of Da the beam would be subjected

to from the experimental data points of Tables 2.3 and 2.4, between Da and

Ls for different dimensions of the beam.

• Assembly and mounting

The gap between the plates for clamping the beam and the plate for affixing

the rubber pad, g, as can be seen in Fig. 4.8, depends upon Dp and the

vertical deflection of the mid-point of the beam from the mean position, Dv.

The gap, g, can be calculated by using the following formula-

g = Dp + tc + ts + (Dv − tp) (4.3)

where tc is the thickness of the rubber pad on the buckled beam, ts is the

thickness of the rubber pad which is affixed on the plate and tp is the thick-

ness of a plate, as shown in Fig. 4.8.

Dv depends on Da given to the beam. Depending upon the Da given to the

unstressed straight beam, which depends upon the Fg the user requires, the

Dv corresponding to the Da can thus be obtained from the experimental data

points of Tables 2.1 and 2.2. With this numerical data, g can be calculated

and the assembly of the gripper can be done systematically.

It is to be noted that during assembly of the gripper, Da can only be mea-

sured and not Dv as reaching out to the beam inside the gripper is difficult.

Hence, Dv corresponding to a chosen Da is to be obtained from Tables 2.1

and 2.2.

Next, the gripper is assembled by simultaneously assembling the plates by

maintaining the gap, g. While assembly, the value of g is kept slightly less
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Dp
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Figure 4.8: Top view of the gripper with labels

than the exact value. This is because if g is exact, the rubber pads would

just touch the pipe and no gripping force would be generated.

• Actuation

After assembly and mounting, the unstressed straight beam has to be buck-

led once at the very beginning by axially loading the straight unstressed

beam. For this, the three nuts on the outer side of the plates for clamping

the beam, are loosened and the beam is given Da of the calculated amount,

depending on the user. This axial loading is done manually by the user.

The beam being very thin gets buckled due to the axial loading. The three

nuts which were unscrewed before, are tightened. The beam now remains

in buckled state. The buckled beam can be toggled across the two stable

equilibrium states, by using actuators. The design of two mechanical drive

systems to automate the gripping has already been discussed in chapter 2.

4.6 Summary

This chapter presents the development of a compliant external pipe climbing robot

with inchworm locomotion, namely, Complibot. The gripper designed previously

in chapter 2 is fabricated and integrated with another gripper by two stepper

motor driven lead screws to form Complibot. Experiments are carried out on the

gripper alone to determine its maximum load carrying capacity. Same experiments

are also carried out on Complibot during its motion on the pipe to determine its

maximum load carrying capacity, payload, speed and energy consumed. It is found

that Complibot has one of the best payload to weight ratios (0.52) with minimum

energy consumption (18.7 W). The steps involved in using Complibot in pipes of

different diameters are also discussed.
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Chapter 5

Conclusion and Scope for Future

Research

5.1 Introduction

In this chapter, the conclusion of the present research has been highlighted and

scope for the future work is also explained. Section 5.2 discusses the general

conclusions that can be drawn from this thesis. Specific conclusions are given in

section 5.3 and the scopes for future research are given in section 5.4.

5.2 General Conclusions

In this thesis, a pipe climbing robot having inchworm locomotion is designed and

developed. Pipes are widely used in industries and residential areas which require

periodic inspection to prevent an accident. Hence, pipe climbing robots are being

developed to cater to the needs of industries and residential areas. In this context,

the present thesis has designed and developed a pipe climbing robot with a novel

gripper design involving a bistable buckled beam. Two novel designs involving

cams and a Scotch Yoke cum beam engine inspired mechanism are also studied to

automate the gripping process of the gripper. Theoretical studies are also carried

out on a novel revolute-revolute-revolute-prismatic (RRRP) climbing mechanism

using a soft computing technique, namely, adaptive neuro-fuzzy inference system

(ANFIS). The trajectory tracking of joint angles of an RRRP pick and place serial

manipulator is also studied by using Floquet theory.

The pipe climbing robot with inchworm locomotion is preferred over other loco-

motion techniques as pipe climbing robots with inchworm locomotion have better

load carrying capacity as compared to wheeled, legged and snake robots. Gener-

ally, any pipe climbing robot with inchworm locomotion has two grippers and a

climbing mechanism, which connects the two grippers. The operation of a bistable

buckled beam is chosen as the gripping mechanism in the grippers of the robot as
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a bistable buckled beam has two stable equilibrium states in its range of motion

and does not require any energy to maintain the two stable equilibrium states. A

CAD model of the gripper is designed in Solidworks. Experimental and numerical

studies are also carried out on the bistable buckled beam to determine the design

parameters, snapping load and vertical deflection corresponding to a given axial

deflection. The axial deflection to the beam is given once manually in the very

beginning, due to which the straight beam buckles. After that, the buckled beam

is toggled from one stable equilibrium state to the other stable equilibrium state

and vice-versa.

To automate the actuation of the bistable buckled beam, two mechanical drive

systems are modelled and designed. One of the drive systems is a Scotch Yoke cum

beam engine inspired mechanism and the other drive system is a camshaft with

two cams. The second drive system involving cams is chosen over the Scotch Yoke

cum beam engine inspired mechanism as the second drive system has lesser number

of parts than the beam engine inspired mechanism. Both the drive systems are

modelled and their working is checked using animation, basic motion and motion

analysis options in Solidworks.

After the gripper is designed, two climbing mechanisms are proposed. One is

based on prismatic joint, for climbing straight vertical pipes and the other is

based on RRRP serial manipulator, for climbing ninety degree bend pipes. The

dynamic analysis of the RRRP climbing mechanism is carried out by planning the

movement of the robot in a ninety degree bend pipe. While climbing the pipe,

the climbing mechanism changes its configuration from RRRP to PRRR and vice-

versa at each step. Then, ANFIS is used to solve the inverse kinematics. Lastly,

the Euler-Lagrange equation of motion is used to obtain the torque acting at the

joints of the robot.

The trajectory tracking at the joints of a RRRP serial pick and place robot,

governed by proportional-integral-derivative control law is done by using Floquet

theory which can only be applied to periodic systems. Hence, a periodic trajectory

planning in joint space is carried out which makes the trajectory of any pick and

place robot periodic.

After designing the gripper, two grippers are fabricated and are integrated with

two stepper motor driven lead screws to form an inchworm type pipe climbing

robot, Complibot. Experiments are carried out to find the maximum load carrying

capacity of the gripper during static state and of the robot during dynamic state.

The power consumption of the robot is also found out.

5.3 Specific Conclusions

The specific conclusions are given point wise in the following subsections.
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5.3.1 Design of the Gripping Mechanism

• A bistable buckled beam of dimension - (100 × 20 × 0.5) mm3 is used to

provide a maximum gripping force of 45.78 N, when subjected to an axial

deflection of 3 mm.

• The design parameters associated with the bistable buckled beam, (i) vertical

displacement of the mid-point of the beam, Dv and (ii) snapping load of the

beam when actuated at the mid-point, Ls for dimensions - (100× 20× 0.5)

mm3 are 10.5 mm and 45.78 N, respectively.

• To obtain a higher gripping force, one may use thicker beams and can also in-

crease the axial deflection (pre-stress) given to the straight unstressed beam.

However, it may be noted that it is difficult to control the pre-stress in beams,

which are thicker than 0.5 mm. Also, the beam begins deforming plastically

when given an axial deflection, greater than 3 mm.

5.3.2 Design of the Mechanical Drive Systems

• The bistable buckled beam is actuated using a mechanical drive system of

camshaft and lever. The two cams in the camshaft have a prime circle radius

of 25 mm. The lift for cam I is 30 mm whereas the lift for cam II is 10 mm.

The offset distance for cam II is 20 mm.

• The profile of cam I in the camshaft is designed by a cycloidal motion func-

tion and it is assumed that it mates with a radial follower.

• The profile of cam II in the camshaft is designed by assuming it to mate with

an offset follower. An eighth order polynomial function is used to design the

cam profile.

• The bistable buckled beam can also be actuated using a drive system con-

sisting of a novel Scotch Yoke cum beam engine inspired mechanism and a

lever. In the proposed mechanism, the distance between the crank center

and the pin is 7 mm and the length of the rocker is 47 mm.

5.3.3 Dynamic Analysis of the Climbing Mechanism

• A total of 15,059 data points and 7,733 data points are used to train the AN-

FIS models corresponding to RRRP configuration and PRRR configuration

of the climbing mechanism, respectively.

• The ANFIS models corresponding to both the configurations are able to

satisfactorily predict joint angles corresponding to different end-effector po-

sitions, with error lying within 10−1 m.
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• To obtain the nominal torque of the joints of the RRRP climbing mechanism,

the trajectory in joint space between two points is planned using the method

of “modified linear function with parabolic blens”. The constant angular

acceleration at the blends is taken as 0.1 rad s−2 for all the joints. The start,

end and rest times are taken as 0 s, 12 s and 1 s, respectively, for all the

joints and for all the motion types of the climbing mechanism.

5.3.4 Trajectory Tracking of the RRRP Pick and Place

Robot

• A Fourier half range cosine series is used to get the periodic trajectories for

the joints of the robot.

• Floquet theory is found to be robust to the change in inertia of the robot.

Floquet theory is successfully used for accurate trajectory tracking of the

joints when the inertia of the robot is changed randomly with maximum

deviation of any link lying within 10 %.

• It is observed that for heavier links and for higher values of Ki, the region

of stability exists only for higher values of Kp and Kv.

• The maximum overshoot for the error plots corresponding to the feedback

gains of a stable region is found to be 10−3.

5.3.5 Development of the Pipe Climbing Robot

• Complibot has a payload to weight ratio of 0.52, a power consumption of

18.58 W and has a speed of 0.202 m min−1.

• Complibot has a high payload with minimum energy consumption and a

good overall load bearing capacity as it uses a novel gripper with bistable

buckled beam as the gripping mechanism. The proposed gripper, along with

cams in static condition has a very high payload to weight ratio of 3.2.

5.4 Scope for Future Research

The possible extensions of the thesis, which one can carry out in the future are

given in the following points.

• The weight of the robot is 7.69 kg and its overall load bearing capacity is

11.69 kg. The payload of the robot can be increased by removing excess

material from the gripper and the cams. The topology optimization of the

gripper may also be carried out to increase its payload without affecting its

overall load bearing capacity.
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• In the present work, a bistable buckled beam is used in the gripper to grip the

pipe. In place of a bistable buckled beam, an as-fabricated bistable curved

beam (Qiu et al., 2004) could also be used. The as-fabricated bistable curved

beam can be optimized so that it has a very low switching point but a very

high switch back point. This would ensure that the as-fabricated curved

beam is able to exert a very high gripping force. A very low switching point

would mean a very less amount of energy would be required for its switching.

However, a very high energy would be required to bring the as-fabricated

bistable curved beam back to its ungripped state.

• In the developed pipe climbing robot, two stepper motor driven lead-screws

are used as the climbing mechanism. For the pipe climbing robot with an

RRRP climbing mechanism, most of the load acts on one side of the gripper,

giving rise to an unbalanced moment about the pipe. Hence, one may put

balance weights on one side of the gripper, ensuring that the center of gravity

lies at the center point of the gripper and the robot.

• Theoretical studies have been carried out for the RRRP climbing mecha-

nism. So, based on these, one can fabricate and successfully demonstrate

the pipe climbing robot on a ninety degree bend pipe with RRRP climbing

mechanism.

• In the present work, ANFIS is used to obtain the joint angles from the

given end-effector positions of the RRRP climbing mechanism. One can use

ANFIS for real time trajectory planning in Cartesian space. ANFIS based

controllers could also be developed for the RRRP climbing mechanism.

• Non-destructive testing equipment used for the inspection of pipes could be

integrated with the developed pipe climbing robot.

• The concept of bistable buckled beam as a gripper in pipes could also be

extended to the development of internal pipe climbing robots.
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Appendix A

Experimental Data Points

between Dv and Da, and Ls and

Da

A.1 Trial I

Table A.1: Variation of Dv with Da for various widths of the beam
having 0.3 mm thickness (Trial I)

Da Dv (mm)

(mm) E

b = 5 mm b = 10 mm b = 15 mm b = 20 mm

1 6.5 6 8 6

2 9 9 9 9

3 11 11 11 11.5

4 12.5 12 12.5 12.5

5 14 14 13.5 14

Table A.2: Variation of Dv with Da for various widths of the beam
having 0.5 mm thickness (Trial I)

Da Dv (mm)

(mm) E

b = 5 mm b = 10 mm b = 15 mm b = 20 mm

1 6 6 5.5 5

2 8 9.5 9 8.5

3 10 11 11.5 11

4 12 13 12.5 12

5 13 14 14 13.5
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Table A.3: Variation of Ls with Da for various widths of the beam having
0.3 mm thickness (Trial I)

Da Ls (N)

(mm) E

b = 5 mm b = 10 mm b = 15 mm b = 20 mm

1 1.4715 2.4525 5.886 7.848

2 1.962 4.4145 7.848 12.2625

3 2.4525 5.886 9.81 16.1865

4 3.4335 7.3575 11.2815 19.1295

5 3.924 7.848 13.2435 20.601

Table A.4: Variation of Ls with Da for various widths of the beam having
0.5 mm thickness (Trial I)

Da Ls (N)

(mm) E

b = 5 mm b = 10 mm b = 15 mm b = 20 mm

1 7.848 10.791 16.677 20.601

2 11.2815 24.525 28.449 34.335

3 16.677 37.278 41.202 46.107

4 23.0535 44.6355 50.031 51.012

5 27.468 52.974 57.879 59.841

A.2 Trial II

Table A.5: Variation of Dv with Da for various widths of the beam
having 0.3 mm thickness (Trial II)

Da Dv (mm)

(mm) E

b = 5 mm b = 10 mm b = 15 mm b = 20 mm

1 6.5 7 6 8

2 8.5 9.5 9 9

3 10.5 11 11 11

4 12 12.5 12.5 13

5 13 14 14.5 14.5
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Table A.6: Variation of Dv with Da for various widths of the beam
having 0.5 mm thickness (Trial II)

Da Dv (mm)

(mm) E

b = 5 mm b = 10 mm b = 15 mm b = 20 mm

1 7 7 7 5.5

2 9.5 9 9 8.5

3 11 11 10.5 10.5

4 12.5 12.5 13 11.5

5 14.5 14 13 13

Table A.7: Variation of Ls with Da for various widths of the beam having
0.3 mm thickness (Trial II)

Da Ls (N)

(mm) E

b = 5 mm b = 10 mm b = 15 mm b = 20 mm

1 0.981 2.943 5.886 8.3385

2 1.4715 4.4145 8.3385 12.2625

3 1.962 6.3765 10.791 16.1865

4 2.4525 7.3575 11.2815 18.1485

5 3.4335 8.3385 12.753 19.62

Table A.8: Variation of Ls with Da for various widths of the beam having
0.5 mm thickness (Trial II)

Da Ls (N)

(mm) E

b = 5 mm b = 10 mm b = 15 mm b = 20 mm

1 8.3385 11.772 18.1485 21.582

2 12.2625 24.525 27.468 35.316

3 16.677 37.7685 41.202 46.107

4 23.0535 44.145 49.5405 51.993

5 28.449 53.4645 58.3695 60.822
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A.3 Trial III

Table A.9: Variation of Dv with Da for various widths of the beam
having 0.3 mm thickness (Trial III)

Da Dv (mm)

(mm) E

b = 5 mm b = 10 mm b = 15 mm b = 20 mm

1 6 6 6.5 6.5

2 9 9 9.5 9.5

3 10 10.5 11 11.5

4 12.5 13 13 13.5

5 13.5 14 14 14.5

Table A.10: Variation of Dv with Da for various widths of the beam
having 0.5 mm thickness (Trial III)

Da Dv (mm)

(mm) E

b = 5 mm b = 10 mm b = 15 mm b = 20 mm

1 7 6 7 5.5

2 9.5 9.5 10 8.5

3 11.5 10 11.5 10

4 13 11.5 13 12

5 14.5 13 14 13

Table A.11: Variation of Ls with Da for various widths of the beam
having 0.3 mm thickness (Trial III)

Da Ls (N)

(mm) E

b = 5 mm b = 10 mm b = 15 mm b = 20 mm

1 0.981 2.943 5.3955 8.3385

2 1.4715 4.4145 7.848 11.2815

3 2.4525 5.886 9.81 16.1865

4 2.943 7.848 11.772 18.1485

5 3.924 8.829 13.2435 20.1105

128TH-2554_156103012



Table A.12: Variation of Ls with Da for various widths of the beam
having 0.5 mm thickness (Trial III)

Da Ls (N)

(mm) E

b = 5 mm b = 10 mm b = 15 mm b = 20 mm

1 8.829 11.772 18.1485 20.601

2 12.2625 24.525 27.9585 35.316

3 15.696 38.259 40.221 45.126

4 22.563 44.145 50.5215 51.5025

5 27.9585 53.955 57.3885 60.822
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Appendix B

Algorithm for Generating the

Training Data Set for ANFIS

Algorithm 1: Generation of training data set for RRRP configuration for
joint variable θ2

1 l1 = 1
2 l2 = 1
3 θ1 = 0
4 j=0;
5 for θ2 = (−pi/2) : (5 ∗ pi/180) : (pi/2) do
6 for θ3 = 0 : (5 ∗ pi/180) : pi do
7 for d4 = 0.2 : 0.03 : 0.5 do
8 j=j+1
9 px=0

10 pz=0
11 px = cos(θ1)(l2 cos(θ2) + d4 sin(θ2 + θ3))
12 pz = −l1 − d4 cos(θ2 + θ3) + l2 sin(θ2)
13 px(j, 1) = px
14 pz(j, 1) = pz
15 theta2rec(j, 1) = θ2;

16 end

17 end

18 end
19 trainingdataset=[px, pz, theta2rec]
20 Plot the (px, pz) to get the RRRP workspace
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Algorithm 2: Generation of training data set for PRRR configuration for
joint variable Θ2

1 L2 = 1
2 L3 = 1
3 Θ4 = 0
4 j=0;
5 for D1 = 0.2 : 0.03 : 0.5 do
6 for Θ2 = (pi/2) : (5 ∗ pi/180) : (pi) do
7 for Θ3 = (−pi/2) : (−5 ∗ pi/180) : ((−3 ∗ pi)/2) do
8 j=j+1
9 pY =0

10 pZ=0
11 pY = −L2 cos(Θ2) + L3 sin(Θ2 + Θ3)
12 pZ = −D1 − L3 cos(Θ2 + Θ3)− L2 sin(Θ2)
13 pY (j, 1) = pY
14 pZ(j, 1) = pZ
15 Theta2rec(j, 1) = Θ2;

16 end

17 end

18 end
19 Trainingdataset=[pY, pZ, Theta2rec]
20 Plot the (pY, pZ) to get the PRRR workspace
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Appendix C

Trajectory Planning Using

Modified Linear Function with

Parabolic Blends

Case I :- When qs < qg,

t

q

0

q

q

q

q

q

s

b

m

g-(b-r)

g

tr tb tm t t t( ) tg terg b

Figure C.1: Trajectory of modified linear function with parabolic blends

In Fig. C.1, qs is the start position and qg is the end position. ts, te, tr and tb
are the start, end, rest and blend times, respectively. q̈c is the acceleration at the

blends. From Fig. C.1,

qm =
qs + qg

2
(C.1)

tm =
tg − tr

2
+ tr (C.2)

qb = qs +
1

2
q̈c(tb − tr)2 (C.3)
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q̈c(tb − tr) =
qm − qb

tm − tb
(C.4)

Combining Eqs. C.1, C.2, C.3 and C.4,

q̈c(tb − tr) =
( q

g+qs

2
)− {qs + 1

2
q̈c(tb − tr)2}

( tg−tr
2

) + tr − tb
⇒ q̈ct2b − q̈c(tr + tg)tb + q̈ctrtg + qg − qs = 0

⇒ tb =
tr + tg

2
− 1

2

√
q̈c(tr + tg)2 − 4{q̈ctrtg + (qg − qs)}

q̈c
(C.5)

From Eq. C.5, the constraint to be satisfied is -

q̈c(tr + tg)
2 − 4{q̈ctrtg + (qg − qs)} ≥ 0

⇒ q̈c{(tg + tr)
2 − 4trtg} ≥ 4(qg − qs)

⇒ q̈c ≥ 4(qg − qs)
(tg − tr)2

(C.6)

Path 1 (Rest period) :- 0 ≤ t < tr

q = qs

q̇ = 0

q̈ = 0

(C.7)

Path 2 (Parabolic blend) :- tr ≤ t ≤ tb

q = a0 + a1t+ a2t
2

q̇ = a1 + a2t

q̈ = 2a2

The constraints are :-

qr = qs, q̇r = 0, q̈r = q̈c

qb = qs +
1

2
q̈c(tb − tr)2, q̇b = q̈c(tb − tr), q̈b = q̈c

Solving for a0, a1 and a2 by using the constraints,
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q̈r = 2a2 = q̈c

⇒ a2 =
q̈c

2

q̇r = a1 + 2a2tr = 0

⇒ a1 = −q̈ctr

qr = a0 + a1tr + a2t
2
r = qs

⇒ qs = a0 − q̈ct2r +
q̈c

2
t2r

⇒ a0 = qs +
1

2
q̈ct2r

By putting the values of a0, a1 and a2 in parabolic blend equations, the final

equations are :-

q = qs +
1

2
q̈c(t− tr)2

q̇ = q̈c(t− tr)
q̈ = q̈c

(C.8)

Path 3 (Linear function) :- tb < t ≤ tg − (tb − tr)

q = a0 + a1t

q̇ = a1

q̈ = 0

The constraints are :-

qb = qs +
1

2
q̈c(tb − tr)2, q̇b = q̈c(tb − tr), q̈b = q̈c

qg−(b−r) = qb + q̈c(tb − tr)(tg − 2tb + tr)

q̇g−(b−r) = q̈c(tb − tr)
q̈g−(b−r) = −q̈c

Solving for a0 and a1,
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a1 = q̈c(tb − tr)

a0 = qs +
1

2
q̈c(tb − tr)2 − q̈c(tb − tr)tb

The final equations are :-

q = qs +
1

2
q̈c(tb − tr)2 − q̈c(tb − tr)tb + q̈c(tb − tr)t

q̇ = q̈c(tb − tr)
q̈ = 0

(C.9)

Path 4 (Parabolic blend) :- tg − (tb − tr) < t ≤ tg

q = a0 + a1t+ a2t
2

q̇ = a1 + a2t

q̈ = 2a2

The constraints are :-

qg−(b−r) = qs +
1

2
q̈c(tb − tr)2 + q̈c(tb − tr)(tg − 2tb + tr)

q̇g−(b−r) = q̈c(tb − tr)
q̈g−(b−r) = −q̈c

qg = qg, q̇g = 0, q̈q = −q̈c

Solving for a0, a1 and a2,

a2 = − q̈
c

2
, a1 = q̈ctg, a0 = qg − 1

2
q̈ct2g

The final equations are :-

q = qg − 1

2
q̈c(tg − t)2

q̇ = q̈c(tg − t)
q̈ = −q̈c

(C.10)
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Path 5 (Rest period) :- tg < t ≤ te

q = qg

q̇ = 0

q̈ = 0

(C.11)

Case II :- When qs > qg,

t

q

0

q

q

q

q

q

g

b

m

g-(b-r)

s

tr tb tm t t t( ) tg terg b

Figure C.2: Trajectory of modified linear function with parabolic blends
when qs > qg

The equation of the trajectory when qs > qg, as shown in Fig. C.2 can also be

derived in a way similar to case I where qs < qg. The blend time and the constraint

on acceleration for the present case are given as-

tb =
tr + tg

2
− 1

2

√
q̈c(tr + tg)2 − 4{q̈ctrtg + (qs − qg)}

q̈c
(C.12)

q̈c ≥ 4(qs − qg)
(tg − tr)2

(C.13)

The equation of the trajectory and its first and double derivative with respect to

time are as follows :-

Path 1 (Rest period) :- 0 ≤ t < tr

q = qs

q̇ = 0

q̈ = 0

(C.14)
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Path 2 (Parabolic blend) :- tr ≤ t ≤ tb

q = qs − 1

2
q̈c(t− tr)2

q̇ = −q̈c(t− tr)
q̈ = −q̈c

(C.15)

Path 3 (Linear function) :- tb < t ≤ tg − (tb − tr)

q = qs − 1

2
q̈c(tb − tr)2 + q̈c(tb − tr)tb − q̈c(tb − tr)t

q̇ = −q̈c(tb − tr)
q̈ = 0

(C.16)

Path 4 (Parabolic blend) :- tg − (tb − tr) < t ≤ tg

q = qg +
1

2
q̈c(tg − t)2

q̇ = −q̈c(tg − t)
q̈ = q̈c

(C.17)

Path 5 (Rest period) :- tg < t ≤ te

q = qg

q̇ = 0

q̈ = 0

(C.18)

It may be noted that Eqs. C.12 to C.18 are almost similar to Eqs. C.5 to C.11

except a few sign changes.
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Appendix D

Coefficients of Mass matrix,

Coriolis vector and Gravity vector

M11 =
1

2
(−4d24m4 cos(2(θ2 + θ3)) + 4d24m4 + 8d4l2m4 sin(2θ2 + θ3) + 8d4l2m4 sin(θ3)

+ 8d4lc4m4 cos(2(θ2 + θ3))− 8d4lc4m4 + 8d4m4o sin(2(θ2 + θ3)) + cos(2θ2)

(−I12 + I22 + l2(l2(m2 + 4(m3 +m4))− 2lc2m2)) + I12 − 4I13 cos(2(θ2 + θ3))

+ 4I13 − 4I14 cos(2(θ2 + θ3)) + 4I14 + 2I21 + I22 + 4I33 cos(2(θ2 + θ3)) + 4I33

+ 4I34 cos(2(θ2 + θ3)) + 4I34 + l22m2 + 4l22m3 + 4l22m4 − 2l2lc2m2 − 8l2lc3m3

sin(2θ2 + θ3)− 8l2lc3m3 sin(θ3)− 8l2lc4m4 sin(2θ2 + θ3)− 8l2lc4m4 sin(θ3)

+ 8l2o cos(θ3)(m3 +m4) + 8l2m3o cos(2θ2 + θ3) + 8l2m4o cos(2θ2 + θ3)

− 8lc3m3o sin(2(θ2 + θ3))− 8lc4m4o sin(2(θ2 + θ3)) + 4m3o
2 cos(2(θ2 + θ3))

+ 4m3o
2 + 4m4o

2 cos(2(θ2 + θ3)) + 4m4o
2)

M12 = 0

M13 = 0

M14 = 0

M22 = 4d24m4 − 8l2 sin(θ3)(−d4m4 + lc3m3 + lc4m4)− 8d4lc4m4 + 4I23 + 4I24 + I32

+ l22m2 + 4l22m3 + 4l22m4 − 2l2lc2m2 + 8l2o cos(θ3)(m3 +m4) + 4m3o
2 + 4m4o

2

M23 = d24m4 − l2 sin(θ3)(−d4m4 + lc3m3 + lc4m4)− 2d4lc4m4 + I23 + I24

+ l2o cos(θ3)(m3 +m4) +m3o
2 +m4o

2

M24 = −m4(l2 cos(θ3) + o)

M33 = d24m4 − 2d4lc4m4 + I23 + I24 +m3o
2 +m4o

2

M34 = −m4o

M44 = m4
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C1 = θ̇1(−θ̇2(d24(−m4) sin(2(θ2 + θ3)) + 2l2 cos(2θ2 + θ3)(−d4m4 + 4lc3m3 + lc4m4)

+ 2o cos(2(θ2 + θ3))(m4(lc4 − d4) + 4lc3m3) + 2d4lc4m4 sin(2(θ2 + θ3))

− I12 sin(2θ2)− 4I13 sin(2(θ2 + θ3))− I14 sin(2(θ2 + θ3)) + I22 sin(2θ2)

+ 4I33 sin(2(θ2 + θ3)) + I34 sin(2(θ2 + θ3)) + l22m2 sin(2θ2) + 4l22m3 sin(2θ2)

+ l22m4 sin(2θ2)− 2l2lc2m2 sin(2θ2) + 8l2m3o sin(2θ2 + θ3) + 2l2m4o sin(2θ2 + θ3)

+ 4m3o
2 sin(2(θ2 + θ3)) +m4o

2 sin(2(θ2 + θ3)))− θ̇3(d24(−m4) sin(2(θ2 + θ3))

+ l2 cos(θ3)(m4(lc4 − d4) + lc3m3)− d4l2m4 cos(2θ2 + θ3) + 2o cos(2(θ2 + θ3))

(−d4m4 + lc3m3 + lc4m4) + 2d4lc4m4 sin(2(θ2 + θ3))− I13 sin(2(θ2 + θ3))

− I14 sin(2(θ2 + θ3)) + I33 sin(2(θ2 + θ3)) + I34 sin(2(θ2 + θ3)) + l2lc3m3

cos(2θ2 + θ3) + l2lc4m4 cos(2θ2 + θ3) + l2m3o sin(2θ2 + θ3) + l2m3o sin(θ3)

+ l2m4o sin(2θ2 + θ3) + l2m4o sin(θ3) +m3o
2 sin(2(θ2 + θ3)) +m4o

2

sin(2(θ2 + θ3))) + 2ḋ4m4 sin(θ2 + θ3)((d4 − lc4) sin(θ2 + θ3) + l2 cos(θ2)

+ o cos(θ2 + θ3)))

C2 =
1

2
θ̇21(d

2
4(−m4) sin(2(θ2 + θ3)) + 2l2 cos(2θ2 + θ3)(−d4m4 + 4lc3m3 + lc4m4)

+ 2o cos(2(θ2 + θ3))(m4(lc4 − d4) + 4lc3m3) + 2d4lc4m4 sin(2(θ2 + θ3))

− I12 sin(2θ2)− 4I13 sin(2(θ2 + θ3))− I14 sin(2(θ2 + θ3)) + I22 sin(2θ2)

+ 4I33 sin(2(θ2 + θ3)) + I34 sin(2(θ2 + θ3)) + l22m2 sin(2θ2) + 4l22m3 sin(2θ2)

+ l22m4 sin(2θ2)− 2l2lc2m2 sin(2θ2) + 8l2m3o sin(2θ2 + θ3)

+ 2l2m4o sin(2θ2 + θ3) + 4m3o
2 sin(2(θ2 + θ3)) +m4o

2 sin(2(θ2 + θ3)))

− θ̇3l2(2θ̇2 + θ̇3)(cos(θ3)(m4(lc4 − d4) + lc3m3) + o sin(θ3)(m3 +m4))

+ 2ḋ4m4(θ̇2 + θ̇3)(d4 + l2 sin(θ3)− lc4)

C3 =
1

2
θ̇21(d

2
4(−m4) sin(2(θ2 + θ3)) + l2 cos(θ3)(m4(lc4 − d4) + lc3m3)

− d4l2m4 cos(2θ2 + θ3) + 2o cos(2(θ2 + θ3))(−d4m4 + lc3m3 + lc4m4)

+ 2d4lc4m4 sin(2(θ2 + θ3))− I13 sin(2(θ2 + θ3))− I14 sin(2(θ2 + θ3))

+ I33 sin(2(θ2 + θ3)) + I34 sin(2(θ2 + θ3)) + l2lc3m3 cos(2θ2 + θ3)

+ l2lc4m4 cos(2θ2 + θ3) + l2m3o sin(2θ2 + θ3) + l2m3o sin(θ3)

+ l2m4o sin(2θ2 + θ3) + l2m4o sin(θ3) +m3o
2 sin(2(θ2 + θ3))

+m4o
2 sin(2(θ2 + θ3))) + θ̇22l2(cos(θ3)(m4(lc4 − d4) + lc3m3)

+ o sin(θ3)(m3 +m4)) + 2ḋ4m4(d4 − lc4)(θ̇2 + θ̇3)

C4 = θ̇21(−m4) sin(θ2 + θ3)((d4 − lc4) sin(θ2 + θ3) + l2 cos(θ2) + o cos(θ2 + θ3))

−m4(θ̇
2
2(d4 + l2 sin(θ3)− lc4) + 2θ̇2θ̇3(d4 − lc4) + θ̇23(d4 − lc4))
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G1 = 0

G2 = g(− sin(θ2 + θ3)(−d4m4 + lc3m3 + lc4m4) + cos(θ2)

(l2(m2 +m3 +m4)− lc2m2) + o(m3 +m4) cos(θ2 + θ3))

G3 = g(o(m3 +m4) cos(θ2 + θ3)− sin(θ2 + θ3)

(m4(lc4 − d4) + lc3m3))

G4 = −gm4 cos(θ2 + θ3)

wherein θ1, θ2, θ3 and d4 are the joint variables, m1,m2, m3 and m4 are the masses

of links 1,2,3 and 4 respectively, l1 and l2 are the lengths of links 1 and 2 respec-

tively. lci where i varies from 1,2,3,4 is the distance of centre of gravity of link i

from the i th coordinate frame. I1j where j varies from 1,2,3,4 is the mass moment

of inertia of link j about the principal x−axis at the origin of coordinate frame j.

Similarly, I2j and I3j are the mass moments of inertia of link j about the principal

y − axis and the principal z − axis respectively at the origin of coordinate frame

j. These mass moments of inertia can be calculated from the values of Table 3.8.

o is equal to 0.2 m, as can be seen in Fig. 3.20.
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Appendix E

Algorithm for carrying out

numerical search to generate Kp

versus Kv map

Algorithm 3: Stability analysis using Floquet theory

1 Ki = 0.5
2 X(0) = I
3 T = 24
4 for Kp = 0 : 1 : 500 do
5 for Kv = 0 : 0.1 : 5 do

6 Solve the differential equation
dX

dt
= [Jn(t)]X over the time period

T subjected to initial conditions X(0) = I
7 Store the monodromy matrix X in a cell array

8 end

9 end
10 for Kp = 0 : 1 : 500 do
11 for Kv = 0 : 0.1 : 5 do
12 if the absolute values of all the eigen values of the monodromy

matrix are less than 1 then
13 the (Kp, Kv) point is a stable point
14 else
15 the (Kp, Kv) point is an unstable point
16 end

17 end

18 end
19 Plot the (Kp, Kv) map for stable region
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