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Abstract

Robots are designed in a variety of types and shapes for performing different tasks.

Mostly, they are designed by looking at nature and imitating its principles (e.g. snake-like

robot). Author argues that snake-like robots offer very good capability for surveillance,

inspection, exploration and search & rescue operations, especially in tight & hard-to-reach

areas. But they find it difficult to climb vertically flat-surfaced obstacles (e.g. flat-surfaced

wall or barrier) with higher heights than their own maximum free-climbing height. Initially,

the author attempted to address this deficiency by developing a planar snake-like climber

robot, however, speed of locomotion under the employed rectilinear gait was very low. In

this context, the research was aimed to explore the possibility of increasing the climbing

speed of planar snake-like climber robots (undergoing the rectilinear gait) on vertical or

near-vertical flat surfaces with higher heights than the robots’ own free-climbing height

through implementation of wheeling gait. The successful development of this robot, called

“Marak II" is presented herein. It should be noted that the approach for designing such

a robot is not to fully copy or imitate the biological aspects. Instead, the approach is to

bypass some of the limitations in nature and some of the limitations that the nature poses

against the design.

The next task that was carried out, was the development of a unified mathematical for-

mula for the parallel robots that could cover some deficiencies of available inverse dynam-

ics formulations. A novel approach is presented herein which follows the Euler-Lagrange

technique and is also able to handle inverse dynamics formulation under any type of pas-

sive, and/or active joints.

Experiments were repeated multiple times to validate both introduced hypotheses and

the results were found to be in close proximity of each other. The experiments on “Marak

II" with both gaits (under similar conditions) revealed that the wheeling gait is approxi-

mately 10 times faster than the rectilinear gait. Moreover, the novel mathematical formula

(based on Euler-Lagrange approach) was successfully validated through extensive simula-

tions and experimentation under different settings.
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he Externally employed moment(s)/force(s)

I Identity matrix

IP Peak current

IR Rated current

j Number of existing open loop branches

J(qi) Manipulator’s geometric jacobian

JLMax Maximum load inertia

JL Load inertia

Jm Motor inertia

Jacob Jacobian matrix of tree variables

KE Voltage constant

Km Torque constant

L Lagrangian

La Armature inductance

Lc Lagrangian of the closed loop structure

li Distance between center of mass Mi and origin Oi
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Lo Lagrangian of the open loop structure

Mi Mass of link i

NR Rated speed

Nr Number of redundant joints except the cut joint

O′ Local frame of reference for prime branch

O′′ Local frame of reference for double prime branch

Og General frame of reference

PR Rated output

q Joint space (configuration space)

qa Active joint(s)

qin Independent active joint(s)

qi Generalized coordinate i of mechanism’s open loop

qr Redundant active joint(s)

qu Passive joint(s) (a.k.a. un-actuated)

Ra Armature resistance

S Instantaneous coefficient matrix (or constraint matrix as is defined by

Cheng Hui et al. [7])

S+ Moore-Penrose Pseudo-inverse of S

ST Transpose of S

T Total kinetic energy

taccloadMax
Maximum desired load acceleration time
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TE Electrical time constant

t f Trajectory duration

TM Mechanical time constant

TP Peak torque

TR Rated torque

tvMax Maximum velocity time

U Total potential energy

VT Rated terminal voltage

W Instantaneous coefficient matrix (or constraint matrix as is defined by

Cheng Hui et al. [7])

W0 Instantaneous coefficient matrix defined by Ropponen et al. [10] (which

relates the actuated and un-actuated joints)

WM Motor weight

xi X axis of frame i

yi Y axis of frame i

zi Z axis of frame i

Ai
i−1(qi) Transformation matrix from frame i to frame i−1

Tn
0(q) Description of coordinate transformation of orientation and position of

frame n w.r.t. frame zero
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Acronyms

AESOP Automated Endoscopic System for Optimal Positioning

CAD Computer Aided Design

CG Center of Gravity

CM Center of Mass

DAQ Data Acquisition

DH Denavit Hartenberg

DOF Degrees of Freedom

EMC Emergency Stop

EMG Electromyography

ESM Energy Stability Margin

GCT Gait Control Table

GI Gastrointestinal Bleeding

IO Input Output

ISO International Standard Organization
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IUT Isfahan University of Technology

MDC Mode Control

MIS Minimally Invasive Surgery

NCT Net Cost of Transport

PC Personal Computer

PI Proportional Integral Control

PLC Programmable Logic Controller

PUN Polyurethane

PWM Pulse Width Modulation

RAM Random Access Memory

RMS Root Mean Square

RPM Revolution Per Minute

RSS Revolute Spherical Spherical

SCI Serial Communications Interface

SMA Shape Memory Alloy

SON Servo On

USB Universal Serial Bus

UET University of Engineering and Technology Lahore

VGT Variable Geometry Truss
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Chapter 1

Introduction

1.1 Overview

One approach for design of robots, is to fetch the design concepts from the mother nature.

Snake-like robots are one of these fetched natural designs. The snake-like robots are in-

spired by snakes, mimic one or several distinctive characteristics of snakes in nature, and

are made of plentiful serially connected articulated segments (a definition adopted from

definition of Nezaminia et al. [3] and Hirose et al. [11]). Snake-like robots offer sev-

eral inherent advantages compared to other robots which enables them to perform their

assigned tasks better. Among these advantages, terrainability, redundancy, maneuverabil-

ity & motion versatility, robustness, stability, reconfigurable functionality, size, and sealing

superiorities can be named (as stated by Hirose [5], Dowling [1], and Tanev et al. [12]).

Although the snake-like robots have got several advantages, but they face difficulty when

subjected to climb the vertical or near-vertical flat surfaces with higher heights than their

own free-climbing height. Free-climbing height is the body height that the snake-like robot

can achieve independently by scaling up its body from horizontal post (as stated by Nilsson

[13]). The vertical or near-vertical flat surfaces can be seen in civilian structures and natural

terrains. For example the building walls, hulls of ships, and skeletons of high rise bridges

all possess vertical or near-vertical flat surfaces.

The snake-like robots are subjected to man-made structures that contain vertical or

near-vertical surfaces because as robots, they are designed either to help humans or replace
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them in performing difficult tasks. The necessity for climbing the vertical or near-vertical

surfaces becomes more evident when the snake-like robots are intended to perform some

specific applications such as search & rescue, exploration & reconnaissance, stealth op-

eration, or inspection, to name a few. For example, if a snake-like robot is supposed to

perform the exploration operation in a man made structure, the ability of vertical or semi-

vertical climbing from flat or semi flat surfaces gives the snake-like robots extra capability

for bypassing the obstacles and hence enables the snake-like robots to perform their given

tasks better. Although, this extra climbing capability is useful in some applications, but

sometimes this capability becomes a necessity for performing a given task. For example,

suppose a condition in which the snake-like robot is expected to inspect the structure of

high rise buildings. In this case, the snake-like robot can not perform its task without the

vertical climbing capability. For mentioned reasons, the author added the vertical and semi-

vertical climbing capability to the snake-like robots and constructed a novel robot called

“Marak I" [4]. “Marak I" is a planar robot from locomotion point of view.

The author applied rectilinear and concertina gaits of locomotion on “Marak I" (gait is

defined in subsection 2.1.1.1). The robot demonstrated successful climbing with rectilinear

gait. However, the author observed the robot’s slow climbing locomotion under the recti-

linear gait. Climbing locomotion speed is important because not only the climbing task can

be done faster but also the successful performance of some of the snake-like robot’s appli-

cations are time dependent. For example suppose a search & rescue operation, where the

enhanced speed of snake-like climber robot increases the chances of successful operation.

To increase the climbing locomotion speed, different approaches could be followed. For

example, the robot could be modified by reducing the weight or increasing the power of ac-

tuators. However, it was much preferred to find a speedy solution through locomotion gait

change (that results in low alternation on physical construction of robot). This preference

is given because it is the ultimate way of increasing the speed of even the most power-

ful and efficient robot. As a solution, the author proposes a non-snake gait of locomotion

called wheeling gait. In this gait, the two ends of the snake-like robot (head and tail) are

connected together (as proposed by Dowling [1] for surface robots), and the robot’s body

forms a wheel in a circular or elliptical shape. This gait is similar to the Rolling-Track gait
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of Yim [14, 15]. The concept was first implemented on “Marak I" robot by adding extra

modules. However, the author intended to implement the concept on a much more sophis-

ticated robot called “Marak II". The “Marak II" was going to be a novel robot nontheless, it

could never be realized because after more than one and half year of struggle, the university

did not release the allocated funds. Since physical properties of “Marak I" was changed by

addition of extra modules, thereby it was decided to rename the “Marak I" (with additional

units) to “Marak II" robot and subsequently rename “Marak II" robot to “Marak III" robot.

The change of names happened after the publication of a paper called "Locomotion gait

planning of climber snake-like robot" [3], so the “Marak I" in that paper means “Marak II"

in this thesis.

In addition to robots’ physical composition and subsequent experimental validations,

the author needed to find the inverse dynamics formulation of the robots based solely on

simple Euler-Lagrange method. The inverse dynamics formulations of the robots are im-

portant because they can be used in the control of robot, in trajectory design, and in robot’s

mechanism & components design, to name a few. To find the inverse dynamics formula-

tion, the author looked at the parallel configuration of the robots (whenever the wheeling

gait is implemented on “Marak II" or “Marak III" robot, it creates a parallel robot configura-

tion). This parallel structure has additional actuators than necessary. Thereby, it is possible

to either use the extra actuators for enabling the joints to perform locomotion (named as

redundant actuators) or treat them as if their presence did not effect the joint’s locomotions

(named as passive actuators).

For inverse dynamics calculations, the author followed the already available formula-

tions and found the inverse dynamics of “Marak II" and “Marak III" robots. Since the

author was going to procure “Marak III" parts, it was decided to make a paper out of

“Marak III" robot and its inverse dynamics calculations. But because the “Marak III" was

not ready, the author decided to place “Marak II" data instead of “Marak III" data and finish

the paper with a desire, that after construction of “Marak III", he could swap the dimen-

sions and data of “Marak III" instead of “Marak II". So, the author wrote a paper out of the

inverse dynamics formulation of “Marak II" robot, added forward dynamics analysis and

performed simulations. The paper was called "Dynamic formulation of climber snake-like
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robot". Since the novel “Marak III" robot could not be made, so the paper could not be

published in a high ranking journal, as a result my advisor asked me to find another way

to publish in a high ranking journal. So, after sharing the idea with supervisors, the author

decided to stick with theoretical work. In theoretical work, the author focused on dynamics

formulation and found that different combinational possibilities of passive and active actu-

ated joints require an inverse dynamics formulation that can cover them all. Although, it is

possible to address each possible combination with a separate set of formulations (as most

researchers such as Ropponen et al. [8] did) however, a unified formulation is preferred.

This preference is desired, because of the following two reasons:

1. The switching among different formulas is needed to be avoided.

2. Several formula divisions do not exist, and as a result the complexity of formula from

divisional point of view reduces.

The author also focused on solving the inverse dynamics of parallel configuration robots

through reduced tree system (as first defined by Wittenburg [16]). The reduced tree sys-

tem converts the parallel mechanism into simple serial tree configurations through cutting,

recording the cut point constraints, finding the inverse dynamics of the serial configuration,

and acquiring the inverse dynamics of parallel configuration through the obtained serial

configuration formula and recorded constraints. The reduced tree system was preferred by

author, because it is simpler than using the direct Lagrangian system (whereas Lagrangian

equations are implemented directly on the mechanism without cutting). The reduced sys-

tem is simpler because it cracks a complicated problem into sets of simpler problems (serial

configurations) that have much higher scholarly resources on them than parallel methods.

The reduced tree system cutting means virtual cutting of links or joints of robot. In major-

ity of cases, joint cutting is simple and less accurate whereas link cutting is more complex

and more accurate (as stated by Hui [7]). As a result, finding a unified formula that can

cater both link and joint cutting can offer both the choices and thereby can handle a bigger

domain of solutions. Therefore, the author decided to develop a novel formulation that

caters both approaches.

There are two major approaches for acquiring the inverse dynamics of parallel mecha-
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nisms through the obtained serial configuration formula and recorded constraints. One way

is to use Jacobian ratio matrix and another is to implement Lagrange multipliers. As stated

by Nakamura et al. [17] the usage of Jacobian ratio matrix approach is superior than the

Lagrange multiplier approach. It was also observed that the redundant and independently-

actuated joints in all the prior formulations that use jacobian ratio matrix approach, could

be sorted in different ways (as implemented by Nakamura et al. [17, 6, 9], Ropponen

et al. [8, 10], Yiu et al. [18] , and Hui et al. [7]). Different sorting does not improve

the real domain of solutions, it just lets the user to interchange the position of redundant

and independently-actuated joints in the formula. However, the problem occurs when the

user does not keep the position of redundant and independently-actuated joints constant in

calculations. The disciplined sorting avoids any mistaken changes of the mentioned sort.

Another point which was observed in the past formulations (of this type) was that they did

not use the empty matrix in their formulation. The proposed usage of empty matrix brings

another uniqueness to the formula. For the aforementioned reasons, the author proposes an

inverse dynamics formulation which has the following properties:

1. It is a unified formulation that encompasses passively and actively-actuated joints

(including redundantly-actuated joints).

2. It caters both link and joint cutting approaches (with a condition for joint cutting

approach that at least one passive joint shall be present in the mechanism).

3. It utilizes the Euler-Lagrange method and D’Alembert’s principle.

4. It is based on the usage of disciplined sorting of entire joint types in jacobian ratio

matrices.

5. It incorporates the empty matrix concepts to generate a novel unified formulation.

1.2 Problem Statement

This thesis addresses two major problems. The first problem is to explore the possibility of

increasing the climbing speed of planar snake-like climber robots (undergoing rectilinear
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gait) from vertical or near-vertical flat surfaces with higher heights than the robot’s own

free-climbing height through implementation of wheeling gait. The second problem is the

development of a unified mathematical Euler-Lagrange technique that handles the inverse

dynamics formulation of a parallel robot under any type of active, and/or passive joints that

also covers both link & joint cuttings.

1.3 Thesis Contribution

The “Marak II" is the first snake-like climber robot under wheeling gait that successfully

demonstrates climbing from near-vertical flat surfaces with higher heights than the free

climbing height of the robot. Through experiments on “Marak II" under same climbing

height and environment, the implemented wheeling gait demonstrates average velocity of

10.08 mm/s whereas the rectilinear gait achieves an average velocity of 1.06 mm/s. In other

words under the same conditions, the wheeling gait is approximately 10 times (and exactly

9.5 times) faster in climbing than the rectilinear gait on “Marak II" robot.

The author presents a new unified mathematical formulation made out of Euler-Lagrange

technique and D’Alembert’s principle that handles inverse dynamics formulation of robot

under any type of passive, or active joints that covers both link & joint cuttings. The for-

mulation is the first unified approach in parallel robot’s Euler-Lagrange formulation that

endeavors the use of the empty matrix concept in its structure. The formulation is unique,

can handle actuation redundancy, and is suitable even for fully actuated mechanism. For

the first time in inverse dynamics calculation of parallel robots that follow Euler-Lagrange

technique, the proposed formulation presents a disciplined sorting of all joint types.

1.4 Thesis Outline

In this dissertation, the theory and background is discussed in chapter two. Methodology

is reported in chapter three. Experimentations and results is explained in chapter four and

finally the conclusions are elaborated in chapter five.
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Chapter 2

Theory and Background

In chapter one, major problems concerning this research work were pointed out. In this

chapter the theory and background on major problems are discussed. The contents of this

chapter mainly come from the works of Nezaminia [4], Nezaminia et al. [3], Dowling [1],

Nakamura et al. [17, 6, 9], and Hirose [5].

2.1 Literature Review

2.1.1 Snake

Snake is a legless, scaly and elongated reptile that moves from one point to other through

creeping (as mentioned by Encyclopedia Britanica 1). Snake’s old synonym is serpent. It

comes from old French, which itself comes from Indo-European word of Serp, “to creep“.

Snakes have flourished more than 90 million years, and are amongst the most adapted

creatures on earth (as stated by Encyclopedia Britanica).

Snakes posses high degree of flexibility and redundancy. They can perform locomotion

on majority of terrains including terrestrial, aquatic, and aerial terrains. For example, they

can slither on the ground, swim in water, and glide on air. By locomotion, the author means

any motion that leads to displacement from one point to other. There are different types

and classifications of locomotion. For example the locomotion can be classified based on

1http://www.britannica.com/
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the way it is performed, as active or passive. The active locomoters move by their own

means, while the passive locomoters move through environment’s flow. The main locomo-

tion forms are walking, running, flying, climbing, crawling, and swimming. The locomo-

tion can also be classified based on the type of terrains. In this type of classification the

aquatic, terrestrial, fossorial, and aerial locmotions can be named. The aquatic locomotion

is performed in water, and is generally carried out through swimming. The terrestrial loco-

motion, in nature, can be further categorized as legged, rolling, and slithering locomotion.

The fossorial locomotion in nature can be categorized mostly as boring, burrowing, and

digging (generally in the soil). Sometimes the fossorial locomotion is performed through

swimming. This phenomenon is observed in places with loose terrains such as sand. From

now on, the word "locomotion" represents terrestrial locomotion unless stated otherwise.

The snakes can incorporate their body as a limb for holding or pushing objects. Up to

now, several families and more than 2900 species of snakes are recognized (as mentioned

by Encyclopedia Britanica). Their length can reach more than 8 meters while their weight

can go up to 250 kg, as stated by Murphy et al. [19]. The snakes frequently change their

skins, as a result, they are the symbol of fertility, medicine, and healing in popular culture.

Their skin have very interesting properties, and has been the subject of several studies in the

past, as mentioned by Hazel [20]. Their skin is covered with smooth & dry scales, and can

expand several times (compared to the snake’s cross sectional area) to accommodate large

preys. It possesses the forward-backward anisotropic friction. Its coefficient of friction was

calculated by Gans [21] and Jane [22] to be 0.3 and 0.4 respectively.

The snake’s skeleton, from the structural view point, consists of three types of bones.

These are skull, vertebrae, and ribs. The snakes have huge number of vertebrae which can

reach in excess of 400 (in comparison, humans just have 32 vertebrae) as mentioned by

Encyclopedia Britanica. They are connected to trunk muscles and are attached together

through some sort of ball and socket joints. The motion of these joints are limited in harm-

ful directions via some bone projections (e.g. these projections restrict any motion that can

cause excessive twisting of spinal cord). These joints resemble the universal joints, with

vertical rotation of up to 2 to 3 degrees, and horizontal rotation of up to 10 to 20 degrees

as stated by Dowling [1] (range of data is based on different snake species). In addition,
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Figure 2-1: Demonstration of Northern Anaconda’s vertebrae, as depicted by Dowling [1].

these joints restrict the snakes to extend their bodies (on contrary to common belief). This

is inconsistent to other soft bodied creepers (such as worms) that posses extensible bod-

ies. Figure 2-1 shows the Northern Anaconda’s vertebra and associated projections as

demonstrated by Dowling [1]. Although not extensible, the snakes posses high degree of

flexibility in some directions. The flexibility of snakes is due to huge number of vertebrae,

type of joints (ball and socket), and type of ribs’ connections. The ribs are connected to

vertebrae individually, and are connected with each other through muscles. The compres-

sion of muscles is what empowers the locomotion. Majority of snake’s muscles are placed

longitudinally between the ribs or vertebrae. Some of these muscles may connect a rib to its

adjusting rib, and some may span a couple of hundreds of vertebrae. This combination of

muscles, ribs, and vertebrae allows the snakes to use their body for grasping. It also enables

some of them to extend half of their body away from the ground without any support.

Contrary to common belief, Gray [23] proved that snake’s ribs do not participate in

active forward creeping. In other words, the snakes do not walk through ribs. They incor-

porate muscles and vertebrae for active forward locomotion. From mechanical standpoint,

Gray resembled the snakes’ axial skeleton to rigid rods which are connected with each

other through some hinges. Such a connection forms a chain. He represented the axial

musculature of snakes to elastic materials (which are between neighboring rigid rods) that

function laterally to the mentioned hinges.
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2.1.1.1 Gait

Simply, gait is a cyclic locomotion pattern. As stated by Ostrowski [24], the gait is the

cyclic change in internal shape that leads to a specific locomotion pattern. In robotics,

the gait selection depends on the type of robot, terrain of travel, maximum insertable

force/torque, and intended speed of travel. According to Dowling [1], generally it is dif-

ficult to evaluate a good gait of locomotion out of available possible gaits. The first sci-

entific study of locomotion gait was performed by Muybridge [25] in 1878. Through his

photographic experimentations, he portrayed the galloping gait of horse in different time

intervals. He proved a long standing hypothesis that during the galloping gait, the horse

raises two of its feet and hands from the ground. Later on, he studied different gaits of

locomotion of animals and human being. After him, several scientists tried to incorporate

his methodology to study different gaits of locomotion.

2.1.1.2 Snake Gaits

The studies related to snake locomotion ended up in realizing four major gaits of loco-

motion by majority of the biologists. These gaits are serpentine (or lateral undulation),

concertina, rectilinear (or linear progression), and sidewinding (or crotaline). The snakes

can incorporate the exact, deformed, or mixture of the mentioned gaits of locomotion. The

choice of gaits is based on obtaining maximum efficiency in a particular situational status

(as stated by Alexander [26]).

The serpentine (or lateral undulation) gait is generated by snakes through flexing their

bodies to right and left in such a way that a S shaped curve is formed. In serpentine

gait, the snake pushes its body against obstacles in such a way that the generated lateral

forces are cancelled with each other and a net forward force is generated that can overcome

the friction (of the snake’s body and terrain) and drive the snake forward (as stated by

Bayraktaroglu et al. [27]). This S shaped curve is formed from head to tail. The execution

of serpentine gait depends on presence of contact points or obstacles (at least three ground

contact points are required as Gray [28] stated), location of these contact points in the

locomotion’s terrain, and the terrain’s friction (as stated by Sparklin [29] and Gray [28]).
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The serpentine gait is the least energetically expensive natural gait (from oxygen usage

point of view) as found by Walton et al. [30]. Most of the snakes typically implement

the serpentine gait during ordinary locomotion (as mentioned by Ma [31]), as a result, the

public generally views this gait as the way of snake’s locomotion. Due to importance of the

serpentine gait, several researchers tried to formulate the generated S curve. Such efforts

led to three main formulations that are called clothoid, serpenoid, and serpentine curves.

The clothoid curve or Euler spiral is a curve whose curvature changes linearly with

its arc length. It is used vastly in railway and highway design, because it offers smooth

transition of centripetal force from straight line to curved line. The clothoid curve was first

proposed by Umetani et al. [32] to explain the S shape of serpentine gait. Although it has

been used in some research works on snake-like robots (such as the work of Klaassen et al.

[33]) however, it is inferior with respect to real properties of snake’s serpentine locomotion

compared to the other two already mentioned formulations.

Serpenoid curve was first proposed by Hirose [5]. Serpenoid curve is a continuous

and smooth curve that incorporates Bessel functions for introducing a curvature that varies

sinusoidally w.r.t. body length. The idea behind creation of this curve comes as follows:

Hirose resembled the snake to a mechanical system consisting of rigid links, joints, and

actuators (almost in the same manner as Gray did). He knew that the snake’s joints are

empowered by compression force of their antagonistic muscles. Besides, he noticed that

by increasing the compression forces, the snake’s joints moved further and as a result, the

snake’s body bent more. He also knew that the curvature is a measure of how a given

curve bends. In other words, if a given curve bends more, it means that its curvature

increases. By comparing these data, he concluded that there shall be a correlation between

the curvature and joint forces. For snakes’ joints (whose total motion is just limited to

2-3 degrees in vertical rotations) he proposed that there shall be a proportionality between

the compression forces and the curvature of the generated body curve. Besides, since the

compression forces occur along the body of the snake, the proportionality shall exist for

curvature along the body distance/s.

On the other hand, he suggested that the natural compression force changes shall occur

smoothly and continuously. In other words, the rate of change of compression forces shall
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be continuous and smooth (derivatives of all orders exist on smooth curve). This suggestion

(of continuous and smooth change of compression force) was proved valid due to the fact

that if it was not valid, the muscles had to undergo bang bang control. By experimenting the

real snakes during locomotion with the help of ordinary force meter and Electromyography

(EMG), he found out that bang bang control does not happen. As a result, the curvature of

the snake along its body shall also be smooth and continuous. From this theory, he proposed

a curve model whose curvature was sinusoidal and changed smoothly & continuously along

the body. This curve model was based on Bessel functions and was named serpentine curve.

He performed different experimentation on real snakes and validated his model. Since then,

majority of research work on snake’s serpentine locomotion has followed serpenoid curve.

Ma in 1999 [31] proposed another formulation for S shaped lateral locomotion curve

based on natural characteristics of snake’s muscles. In his work, Ma proved that his pro-

posed curve is more near to lateral undulation curve of locomotion and have higher effi-

ciency (from power requirement and ratio of tangential and normal forces point of view)

than the clothoid curve, serpenoid curve, and other available formulations.

Concertina gait is a type of gait in which snakes deform their bodies similar to ex-

pansion and contraction patterns of a musical instrument from the accordion family called

concertina. Snakes use the compression deformation for anchoring their body to the ter-

rain, and expansion deformation (of previously compressed parts) for locomoting forward.

The concertina gait is generally performed in narrow and tight spaces such as small canals,

tunnels, and ditches. This gait of locomotion suffers from lower speed, higher resistance

to locomotion, higher momentum changes, less locomotion endurance, higher Net Cost of

Transport (NCT), and higher cost of locomotion per cycle as compared to lateral undulation

gait (as was found by Walton et al. [30]).

Rectilinear (or linear progression) gait is the slowest natural gait of snakes and is gener-

ally employed by large snakes (for example Boas). Rectilinear gait is generally employed

when the snakes want to reach to their prey with stealth. This gait is generated by compres-

sion of opposing cutaneous muscles. The snake muscles pull the body segments against the

terrain and due to presence of ventral scales and anisotropic friction property of the skin,

an opposing force is generated that propels the snake forward. The snake’s body during
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rectilinear gait is inline with the generated locomotion path.

Sidewinding (or crotaline) gait, is a gait in which the snakes move sideways w.r.t. loco-

motion generated track. The sidewinding gait is generated through lifting some body parts,

placing them on the terrain, and rolling the rest of the body on the terrain. The snakes gen-

erally perform this type of locomotion in low shear terrains such as sand, mud, and loose

soil. The sidewinding was considered a subcategory of lateral undulation gait till Gans

[34] found out that there is static contact between the body contact areas and the terrain

(instead of dynamic contact of lateral undulation). The other major differences between

the lateral undulation and sidewinding are the rolling of body segments (instead of sliding)

and sideways locomotion. Secor et al. [35] found out that this gait offers lower NCT, lower

cost of locomotion per cycle, and almost similar endurance w.r.t. lateral undulation gait.

Due to static contact properties of the sidewinding gait, the author became interested in

implementing it on his snake-like climber robot.

2.1.2 Snake-like Robot

In different parts of the world, the word “robot“ have been defined differently. As a re-

sult, there is no unique definition on robot. However, most of the definitions agree on a

property of the robot called programmability. In this work, the International Standard Or-

ganization’s (ISO) definition of robot was selected that elaborates a robot as an automatic,

freely programmable, servo controlled, multipurpose manipulator for performing several

handling applications (according to Mittal et al. [36]).

The robots can be categorized in different ways. For example they can be classified into:

type of configurations (e.g. serial, parallel, or hybrid as mentioned by Ibrahim et al. [37]),

type of kinematic topology (planar or spatial), type of joints (e.g. revolute or prismatic),

type of locomotion (e.g. wheeled, tracked, legged, or limbless), type of linkages (rigid or

flexible), type of platform (stationary or mobile), or number of Degrees of Freedom (DOF).

In robotics field, there are several types of joints. But two type of joints are popular. They

are revolute and prismatic joints. The robots that just incorporate the revolute joints in their

structural connections are called the articulated robots.

In the field of robotics, there is a branch called biomimetic robotics. In this branch,
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the biological creatures are imitated. Among biomimetic robots, there are some that have

been built through imitation of snakes. These robots have got different names. They are

called serpentine robots (as stated by Granosik [38]), snakebots (as mentioned by Tanev

[39]), snake-like robots (as referred by Hemami [40], Tesar et al. [41], and Siciliano et al.

[42], to name a few), hyper-redundant robots (as defined by Chirikjian et al. [43]), highly

redundant robots (as remarked by Naccarato et al. [44]), swan’s neck robots (as cited by

Hayashi et al. [45]), spine robots (according to Drozda [46]), tentacle robots (as stated by

Ivanescu et al. [47] and Pettinato et al. [48]), elephant trunck robots (as mentioned by

Morecki et al. [49]), tensor-arm robots (according to Anderson et al. [50]), and active cord

robots (as defined by Hirose et al. [51, 52]).

In this work, the "hyper-redundant" name was chosen first. Chirikjian [53] and Chirikjian

et al. [54] described hyper redundant robot as a robot with huge or infinite number of redun-

dant DOF. However, later on, the "snake-like" name was selected for such a robot. Since it

seems to be more appropriate for our intended application. The snake-like robots may fol-

low the snake’s natural gaits of locomotion or may follow non-snake gaits of locomotion.

There are plenty of non-snake gaits of locomotion among which the wheeling, strafing,

lateral rolling, travelling wave rotor, flapping, rolling collar, and corkscrewing gaits can be

named (as defined by author, Dowling [1], and Lipkin et al. [55]). Some of the mentioned

non-snake gait of locomotion are being used by natural creatures. For example as Hen-

schel [56] and Brackenbury [57, 58] mentioned, the wheeling gait is performed passively

by Namib wheeling spider and actively by mother-of-pearl moth. As mentioned before, in

this gait, the two ends of snake-like robot (head and tail) are connected together (as pro-

posed by Dowling [1] for surface robots), and the robot’s body forms a wheel in a circular

or elliptical shape. This gait is similar to the Rolling-Track gait of Yim [14, 15]. This gait

was first proposed by Yim [14, 15] and several scientists proposed to implement it (such as

Brown et al. [59] or Dowling [1]) or worked on it after him (such as Kamimura et al. [60]).

Gray [23] (who published his work in 1946) was the first scientist who investigated

the natural locomotion gaits of snakes from engineering point of view (through Newtonian

approach). However, the first truly snake-like robot was designed and built by Shigeo

Hirose in 1976 [5]. His snake robot, named ACM III, started operation on 26.12.1972. The
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Figure 2-2: Demonstration of ACM III, as depicted by Hirose et al. [2].

robot incorporated passive wheels (as a tool for inducing anisotropic friction) and could

demonstrate the lateral undulation gait. The robot consisted of 20 modules, had a total

weight of 28 kg, and total length of almost 2 m. Figure 2-2 shows the ACM III (as depicted

by Hirose [2]). His robot was locomoting based on his proposed model, serpentine curve.

From the fascinating works of Hirose onwards [5], several scientists tried to either make

different snake-like robots, enhance Hirose’s model, or even create their own models. For

example Klaassen et al. [33] used the clothoid curve for serpentine locomotion of their

GMD-Snake2 robot. Another example is the snake-like robot of Ma et al. [61] that followed

serpentine curve. The eagerness of author towards snake-like robot was also sparked by

magnificent works of Hirose. Few breakthrough research works on snake-like robot are

mentioned below.

After ACM III, Hirose and his students developed several pioneering snake-like robots.

Among these robots the Oblix, Mogura, Active endoscope, Souryu I, II, IV, & V, ACM-

R3, ACM-R4, Slim Slime, Soft Gripper I, II, & III, CT Arm-I, ACM-R5, and ACM-S1 of

Hirose [5], Hirose et al. [2, 62, 63, 64], Matsuura et al. [65], Takayama et al. [66, 67], Mori

et al. [68], Yamada et al. [69], Aoki et al. [70, 71], Ma et al. [72], and Arai Sugita [73] can
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Figure 2-3: Demonstration of ACM-S1 as depicted by Hirose et al. [2].

be named. The research work of Hirose is so influential that one of the major references in

snake-like robot field is his "Biologically Inspired Robots" book [5]. Figure 2-3 shows the

ACM-S1 as depicted by Hirose et al. [2].

Another breakthrough research work was performed by Chirikjian [53] Chirikjian and

Burdick [43, 54, 74], Ostrowski [75], and Ostrowski et al. [24] . Their approach towards the

problem of snake-like locomotion was based on geometric mechanics. They first evaluated

kinematics and then went on to develop dynamics solution of snake-like robots. They

defined several pioneering snake-like robot’s terminologies. For example they defined the

snake-like robot’s backbone curve, hyper redundant terminology, and Variable Geometry

Truss (VGT), to name a few. They worked on both fixed-based and mobile snake-like

robots.

Dowling [1, 76] is another main contributor to the snake-like robotics field. He devel-

oped a very simple tethered snake-like robot (without any wheels) capable of three dimen-

sional locomotion. His robot consisted of 10 modules. Each module had 2 DOF, and was

made of two orthogonal servos connected on aluminum chassis. He developed a novel con-

trol technique that used a resistant value for measuring the gait’s performance. He found
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out that after some threshold the increase of twist angle will not effect the maneuverabil-

ity of the snake-like robots, while the decrement in link length always result in increment

on maneuverability. Thereby he concluded that the decrement of link length on snake-like

robots is more important than the increment of twist angle for increment of maneuverability

of the robot.

2.1.3 Climber Robot

Climbing robots can be classified or defined in different ways. For example, the climber

robots can be categorized based on climbing methodology. There are two types of climbing

methodologies. The first type is called free climbing. In the free climbing, the robot uses

its own joints and scales up its body from the horizontal post independently. The second

type is called anchoring/aid climbing. The anchoring/aid climbing is achieved by some

sort of anchoring mechanism that enables the robot to climb. Hereafter, by climbing robot,

the author means a robot that is designed to climb a vertical or near vertical surfaces with

anchoring/aid climbing unless mentioned otherwise.

There are several ways through which robots can climb a given surface. The robots

can use astrictive methods, terrain features, or combination of them for climbing. The first

climber robot (employing astrictive method) was created by Nishi [77] around 1960s (as

stated by Shen et al. [78]). Major astricitve or sticking methods are negative pressure actu-

ators, magnetic attractors, wet adhesives, dry adhesives, wall drivers employing thrusters,

Bernoulli effect climbers, and electro adhesives.

The negative pressure actuators work on the basis of pressure difference. In these actu-

ators the air is sucked from the interior of the device and as a result, the pressure difference

builds up between the inside and outside environments of actuators. This pressure differ-

ence can stick the robot to the terrain and counteract the gravity. The negative pressure

actuators can mainly be classified into impellers, suction cups (passive or active), suction

pads, and any combination of them as demonstrated by Wu et al. [79], Song et al. [80],

Yano [81], Yoshida et al. [82], Qian et al. [83], Ota et al. [84], Yang et al. [85], and Wu et

al. [79].

Most commercial wall climbers use suction cups (as stated by Prahlad [86]). The suc-
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tion cups can be divided into active and passive types. The active suction cups employ

some sort of suction device (such as suction pump) to evacuate the air from the volume

of suction cup. However, the passive suction cups evacuate the air through physical push

force on the body of suction cup. The passive suction cups are inferior to active suction

cups of same diameter because they can hold lower pressure difference and face bundles of

comparative issues regarding surface finish, flatness, and porosity of the terrain. However

they make a lighter, less complex, and less expensive system. The main advantages of suc-

tion cups w.r.t. other climbing means are their nondestructiveness behaviour towards the

terrain of locomotion, availability, wide terrain competitiveness, ease of implementation &

access, and higher repetitiveness. The main disadvantages of suction cups are their bulk-

iness, weight, loss of pressure during time, and degraded ability when faced with porous

or hugely irregular terrains (where the chances of creation of an opening between suction

cup rims and the terrain will be higher). To address the mentioned disadvantages several

solutions were investigated by researchers. Some of them are mentioned below.

1. Nishi [87] advised to use small suction cups for climbing irregular wall terrains.

2. Scanning suction cups were developed (e.g. the works of Ikeda et al. [88] or Hirose

et al. [89] can be named).

3. Multi valve regulated suckers such as Hirose’s suckers [89] were developed.

4. Specific cup shapes, materials, and rim designs were created (such as strengthening

ring in Smart Robotic Foot of Tummala et al. [90] or specific suction cup design of

Alicia3 robot of Longo et al. [91]).

5. Some suction cups have been designed in such a way that they can be pushed/pulled

or in other words crawl on the terrain as shown by Qian et al. [83].

6. Vibration suction cups were introduced by Yang et al. [85].

7. Big suction cup containing the entire climbing mechanism was developed as is seen

in the work of Wu et al. [79].
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8. Passive suction cups placed in climbing robot like tank thread was implemented, as

demonstrated by Yoshida et al. [82].

The magnetic attractors stick to ferrous materials. As a result they can be used for

counteracting the gravity on the climbing ferrous terrains. The magnetic attractors can

be classified into permanent magnets, electromagnets, and combination of them as shown

by Grieco [92]). The permanent magnet stays on ferrous terrain without any supply of

energy however it is more difficult to get it off from the locomotion terrain compared to

electromagnets. The magnetic attractors can not stick to non-ferrous materials and when

they are on ferrous terrain they magnetize it. As a result, there is a need of demagnetization

after they are picked up from the terrain. The magnetic attractors have been utilized for

inspection of ferrous surfaces (such as hulls of ships). An example to this type of climbing

mechanism is the Inchworm climber robot of Kotay et al. [93] employing electromagnets.

The wet adhesives adhere to other materials in any direction. One type of wet adhe-

sives are glue or similar chemical sticky material such as pressure sensitive tape that was

employed in a climber robot made by Daltorio [94]. Another example of wet adhesives is

employed in the robot of He et al. [95]. Some creatures (like snails) use wet adhesives for

climbing. This climbing means is very versatile and works almost on any surface, however

it has got the problems of regeneration and terrain stickiness (after travel). Wet adhesive

devices are different from wet adhesion devices in which wet adhesion devices (such as the

Wall Walker robot of Miyake et al. [96]) stick to wet surfaces but wet adhesive devices

have inherent wet property by themselves.

The dry adhesives adhere to other materials based on Van Der Waals force principle as

stated by Sitti [97], and Kim et al. [98, 99]. The majority of dry adhesives are classified

into directional adhesives, and micro & nanofabrication. They offer high "sticking force

to weight ratio" however, they are susceptible to terrain dirtiness. Researchers are trying

to remove this disadvantage by introducing self cleaning dry adhesives. The wall drivers

employing thrusters & friction force augmentors simply use the thrusters to generate a force

opposite to the gravity. These surface climbers were first demonstrated by Nishi [87]. They

need high power, generate high noise, and are susceptible to cross winds.

As it comes from its name, the Bernoulli effect climbers employ the Bernouli effect to
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produce absorbtion force on the climbing terrain. These climbers simply pass the pressur-

ized air through an orifice (located on non-contact pads) and generate absorbtion to nearby

terrain. The first climber robot using Bernoulli effect was created by Wagner et al. [100].

Although Bernoulli effect climbers can generate enough force and will not touch the terrain

but they are louder and generate smaller sticking force than suction cups.

The electro adhesives work on the principle of electrostatic force. They ionize the

surface and induce charge in climbing terrain which results in absorbtion to the terrain.

The pioneering models of electro climbers were demonstrated by Yamamoto [101], and

Prahlad [86]. They can be used for majority of terrains, are very light, and consume small

power however, they are bulky and need to be very near to the terrain surface, as a result

are less suitable for rough surfaces.

Among major deployment of terrain features for climbing, the force exerting climbers

and force penetrative linkages can be named. The force penetrative linkage climber mech-

anisms exert penetrative linkages by force on the terrain of locomotion and use them as

terrain absorbtion mechanism. Their terrain of operation is generally fences, pegs, peg

holes, and some porous materials. An example to force penetrative linkage climber is the

micro spines climber robot of Asbeck [102]. The force exerting robots implements force

on the terrain or terrain’s environment for climbing. The exerted force can have gripping,

pulling, pushing, or combinational nature. In nature several creatures use this technique for

climbing. For example cats use their hands, feet and claws to either grip or exert climbing

force on the terrain. Another example is the snake’s force exerting tree climbing. The force

exerting climber robots can use grooves, poles, holes, strings, or openings on the terrain to

climb. A robot based on gripping, capable of finding handholds is demonstrated by Lin-

der [103]. Another example of these type of mechanisms is demonstrated through cable

climber of Kim et al. [104]. The force exerting climbers have limited climbing environ-

ments and when the terrain is suitable, they sometimes damage it.

2.1.4 Snake-like Climber Robot

Since the development of snake-like robots, several snake-like climber robots were created.

Majority of these robots used force exerting climbing mechanism. In other words they used
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their force exerting bodies or appendages/mechanisms to climb from the poles, grooves,

ditches, holes, pipes, openings, and so alike (for example rope climber robot of Ranasinghe

et al. [105]) to climb the given terrain. Ma et al. [106] was the first one who studied

the snake-like robot climbing through force exertion on slope. However his studies were

related to samll slopes and could not be employed for near vertical or full vertical terrains.

Yim et al. [107, 108] was the first one who demonstrated the near vertical climbing of

snake-like robot from the porous terrain (ceiling tile or chain link fences). He used some

appendages (spikes) on some units of his robot for climbing. Another examples are the

works of Wright et al. [109], Hatton et al. [110], and Goldman et al. [111]. A recent

example of these types of robots is the tree climbing robot of Carnegie Mellon University

researchers Ponte et al. [112] and Wright et al. [113]. So many reconfigurable robots can

be configured to snake-like climber robots. However, they still suffer from the same force

exerting climbing deficiencies. Among these types of robots the works of Rus [114], Kotay

et al. [115], Unsal et al. [116], and Murata et al. [117] can be named.

The author worked on a snake-like climber robot with astrictive climbing mechanism

during his M.Sc work [4]. The robot was called “Marak I". It employed active suction cups

in its climbing mechanism. “Marak I" was the first constructed snake-like climber robot

employing astrictive methods. Zang et al. [118] also designed a snake-like climber robot

using astrictive methods. Even up to now, their proposed snake-like climber robot has not

reached to the construction phase. As a result, our claim of constructing the first snake-like

climber robot stays valid. Although Wang et al. [119] and Li et al. [120] constructed some

climber robots based on Zang’s ideas but the robots were not snake-like climber robots. In

fact, those robots were caterpillar climber robots (as they mentioned by themselves). From

design point of view, although Zhang et al. were the first who proposed snake-like climber

robot, but their robot was less practical than our robot due to presence of passive suction

cups in their proposed design.

The first constructed snake-like robot that employs wheeling gait for climbing was G1

robot of Yim et al. [121, 122]. Their robot simply demonstrated anchor/aided climbing

from steps or climbing small obstacles through conforming the mechanism to them. Yim

et al. constructed several other robots with wheeling gait [122, 121, 107, 123, 108]. A
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different type of wheel climber robot was proposed by Sugiyama et al. [124] however

it utilizes the SMA and is not snake-like robot. It is also not capable of vertical climbing.

The wheeling gait can be employed by reconfigurable robots too. For example the Superbot

robot of Chiu et al. [125], Salemi et al. [126], and Shen et al. [127], Corno robot of Shen

et al. [128], Polybot of Yim et al. [122], and M-TRAN robot of Kamimura et al. [129], all

can demonstrate the wheeling gait and can be employed for climbing. However they can

not demonstrate climbing from vertical or near vertical surfaces. For example the Superbot

with 8 modules can show maximum up to 40 degrees climbing, as demonstrated by Shen

et al. [127]. Or the same robot under wheeling gait locomotion can demonstrate climbing

from the sand dune (with additional appendage) as stated by Chiu et al. [125]. The author

intends to propose “Marak II" robot as the first snake-like climber robot under wheeling

gait with astrictive means for climbing [3].

2.1.5 Robotic Modelling

In robotics, there are so many varieties of modelings. For example, the robot’s model may

cover the kinematics, dynamics, or control aspects of robot. In this work, the author is in-

terested in dynamics modelling. The author found an interesting fact that among different

types of modelling, most of the snake-like robot researchers just stick to the kinematics

modelling and do not go towards dynamics modelling side. Because majority of them be-

lieve that for snake-like robots (that generally possess high DOF), the dynamics modelling

creates higher computational burdens and produces a more complex system. Some others

such as Hirose [5] and Gonzales [130] argue that in nature the dynamics modelling is never

performed according to classical robotic dynamics approaches. Although both groups are

right, however the kinematics modelling does not include forces/torques. While for accu-

rate modelling and design, the calculation of forces/torques are necessary. The classical

dynamics modeling approaches provide an accurate estimate of forces/torques w.r.t. mo-

tion parameters (e.g. acceleration and velocity) from a selected reference point in space.

Besides, although the biological creatures never perform dynamic modelling according to

classical approaches, however the classical dynamic modelling allows the humans to ana-

lyze the system better, design it better, control it better, and empower it to work better.
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Kinematics is divided into two subcategory of inverse and forward/direct kinematics.

Forward/direct kinematics finds operational space parameters from joint space parameters

and is used for kinematics calibration or finding the workspace of manipulator [131]. For-

ward/direct kinematics of open loop is easy to solve and generates a unique answer. While

finding forward/direct kinematics solution is difficult for closed loop mechanisms and may

not least to any answer. Forward/direct kinematics of closed loop can be solved by integrat-

ing differential equations of constraint equations. For open loop, forard/direct kinematics

has the following mathematical equation:

Tn
0(q) = A1

0(q1)A2
1(q2)...An

n−1(qn) (2.1)

Where Tn
0(q) is description of coordinate transformation of orientation and position of

frame n w.r.t. frame 0 and Ai
i−1(qi) is transformation matrix from frame i to frame i−

1, while qi is the generalized coordinate i. Generalized coordinate parameterizes local

configuration space. Generalized coordinates (for a manipulator with rigid links) is mainly

selected to be the mechanism’s joint angles as Murray suggests [132]. Sometimes it is

preferred to define more variables for generalized coordinates qi (where i = 1, ...,m) than

DOF of manipulator (in other words m is greater than DOF of system). In this case the

entire parameters would not be independent and some constraints are involved that relate

parameters. Inverse kinematics finds the joint space parameters from the operational space

parameters. Inverse kinematics can be solved with geometric and algebraic approaches.

Geometric approach is generally employed on simple robots and is based on decomposing

a spacial structure into several planar geometry problems. Algebraic approaches can handle

sophisticated robots with multiple DOF. For open loop, inverse kinematics is defined as

solution of following equation for joint variables (q1, ...,qn):

Tn
0(q1, ...,qn) = H (2.2)

Where H is a given homogeneous transformation matrix containing orientation & posi-

tion of end effector. Solving the inverse kinematics of closed loop is easy (it generates a

unique answer) while it is difficult to solve inverse kinematics of open loop mechanisms
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(for further detail on direct & inverse kinematics topics refer to Siciliano et al. [131]).

Dynamics modelling branch covers forward and inverse dynamics formulations too.

The inverse dynamics calculates forces and torques of joints based on given motion param-

eters of a known robot. As has been mentioned earlier, the inverse dynamic formulation of

robot is important because it can be used in the control of robot, in trajectory design, and

in mechanism & components design of robot, to name a few. While the forward dynam-

ics is generally used for simulation. In nature, the snakes lift different segments of their

body from the terrain (during different gaits of locomotion). This behaviour creates several

closed loops within the body of snakes. The “Marak II" also forms into the closed loop

mechanism. Studding these closed loops and creating a general inverse dynamics formula-

tion (out of simple methodology) based on different actuation scenarios is a major challenge

(actuation scenarios means the controllable actuation of closed loop mechanisms with pas-

sive, active, redundantly actuated joint/s, or any combination of them). Since the author

was faced with such a major challenge in the inverse dynamics formulation of snake-like

robots under closed form configurations, he tries to address it.

It should be noted that, the closed loop mechanisms (parallel mechanisms) generally

offer higher payload capacity, acceleration, accuracy, stiffness, and lower inertia than open

loop mechanisms (serial mechanisms). However, they are more complex, have lower dex-

terity, have smaller usable workspace, and suffer more from linkage interfaces (according

to Patel et al. [133] and Muller [134]). Unfortunately there are much less scientific work,

on formulation of closed loop mechanisms than open loop (largely due to inherent difficul-

ties and complexities). The condition becomes even worst when the closed loops contain

some type of redundancy (a common phenomena in snake-like robots). Among different

types of robotic redundancy (such as kinematic redundancy as defined by Merlet [135]) we

are just concerned about controllable actuation redundancy (redundant actuators are those

actuators that are in excess of configuration space dimension). Figure 2-4 is based on the

works of Duffy [136] and Nakamura et al. [17] depicts an easily understandable defini-

tion of what is called redundant, non-redundant, controllable, or uncontrollable actuation

of planar and spatial mechanisms.

The actuation redundancy can be used for bypassing the singularities of system and
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Figure 2-4: Presentation of non-redundant, redundant, uncontrollable, or controllable defi-
nitions in spatial and planar cases

as a result, enlarging the practical work space, improving the payload, reliability, kine-

matic manipulability, dexterity, and minimizing the actuator’s motions or powers to name

a few (as mentioned by Patel et al. [133] and Muller [134]). Due to their importance

and abundant advantages, so many researches tried to generate formulations that incorpo-

rated actuation redundancy in the dynamic models. These formulations generally followed

the Newton-Euler or the Euler-Lagrange approaches. Both methods generate the same

answer for a given problem. Because closed loop mechanisms are generally more com-

plex than serial ones, mainly the easier Euler-Lagrange formulation is employed [18]. At

the same time, Euler-lagrange formulation eliminates the effect of internal forces in equa-

tions and reduces the calculation burdens of internal forces where they are not required to

be calculated (in contrary to Newton-Euler formulation). As a result, the Euler-Lagrange

formulation is followed in this research work. When implementing Euler-Lagrange formu-

lation (or any other formulation), there are several different possible approaches to solve

the closed loop dynamics problem. Usually the problem of closed loops’ inverse dynamics

(through Euler-Lagrange formulation or any other formulation) is addressed in two ways.

The first way is to solve it directly (by formulating closed loop as it is). The second way

is to solve it through converting the closed loop to it’s tantamount open loop. Generally,

the second approach is preferred because of two main reasons. The first reason is the plen-

tifulness of scientific resources on open loop than closed loops. The second reason is the

fact that it is generally easier to work out the problems by cracking them up to smaller

parts. Accordingly, for the intended Euler-Lagrange formulation, either Direct Lagrangian,
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Reduced Systems (mainly through Lagrange multipliers [17]), or any combination of them

is employed. Since the Direct Lagrangian is inferior to the Reduced System, (as Yiu et al.

mentions [18]) that’s why we stick with later approach.

In Direct Lagrangian formulation, first the independent generalized coordinate has to

be defined for entire mechanism, then the Lagrangian is directly applied to the system.

Lagrangian L is a function of the generalized coordinates and is obtained by negating the

potential energy of system from its total kinetic energy as follows [131, 137]:

L = T −U (2.3)

Where T is total kinetic energy and U is the total potential energy of the system. The Euler-

Lagrange formulation is formed if the Lagrangian is placed in the following equation:

d
dt

(
∂L
∂ q̇

)
− ∂L

∂q
= τG

T (2.4)

Where q (for an open loop) is the joint space and τG is the generalized force.

The Reduced System (tree structure/system) was first introduced by Wittenburg [16].

In the Reduced System, the closed loop dynamics is typically obtained by virtually cut-

ting/separating a joint from a closed loop (in other words it is obtained by converting a

closed kinematic chain to a tree structure). Usually this method has been followed in liter-

ature (as Nakamura et al [17, 6, 9] and Ropponen [8, 10] did). However as a result, the cut

joints’ torque or force (that was generated by the joints or exerted on the joints) in majority

of formulations especially in Euler-Lagrange formulation is equated to zero. That’s why,

among different possible choices of actuated and un-actuated joints, the cut joint is placed

at un-actuated joint to satisfy the zero torque condition. In other words the cut joint is not

supposed to create any torque on its own (external torque) [18]. In addition to the above

description Yiu et al. [18] also mentioned that since the cut joint’s torque does not turn out

explicitly in formulation, thereby its friction gets neglected.

Several researchers addressed the issue with different proposed solutions. For exam-

ple they introduced unknown additional forces (as Smith et al. depicted [138]), unknown

additional torques (as Luh et al. demonstrated [139]), or additional control variables (as
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Bessonet et al. [140] depicted) to cater the neglected forces/torques of the joints. However

most of the solutions are either based on Lagrange multipliers or aren’t entirely based on

Euler-Lagrange method (for example as Yiu et al. [141] and Liu et al. [141, 142] used

Newton method in some part of their methodology). To address the available deficiency

from another point of view, few researchers such as Stejskal et al. [143] mentioned the

possibility of cutting links instead of joints. Yiu et al. [18] elaborated further on the idea

by introducing examples, procedures, and mentioning the advantages. As a matter of fact,

the link cutting is capable of including the torques/forces of the entire joints. The method

of Yiu et al. [18] can also cater the external forces (exerted on other links) that generally

get ignored in trivial approaches. Khan et al. [144] proposed somewhat similar link cutting

technique through which the rigid joints were placed as constraints. In addition, it is also

possible to introduce virtual links and joints after the cut portions of mechanism to cater the

ignored torque and forces. However, such an assumption is not studied deeply and makes

the problem moderately more complicated, thereby it is not being discussed here.

Among the mentioned developed possible solutions, the method of Yiu et al. [18] is

the most accurate method on Euler-Lagrange formulation of closed loops. Hence we stick

to his method and include the link cutting as a mean to reach reduced system here after.

However, due to popularity of joint cutting, we include it in our formulation (wherever

applicable), and provide the choice to the designer/s for possible implementation of joint

or link cutting.

2.1.5.1 Inverse Dynamic Formulation and Constraint Representation

As mentioned before, for obtaining the inverse dynamics formulation in Reduced Sys-

tem, the closed loop has to be opened. The act of opening the closed loop reduces some

constraints from the system. As a result, the obtained open loop would be equal to the

associated closed loop, if the removal constraints get included in the formulation. Here we

define a following four step procedure for Reduced Systems (based on the works of Khalil

[145], Nakamura et al. [17], and Luh [139]) for obtaining the inverse dynamic formulation.

a. The closed loop (kinematic loop) shall be transformed to open loop. This task can be

accomplished either by virtual joint cutting (an example is the work of Nakamura et
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al. [17]), or virtual link or end effector cutting (an example is the research work of Yiu

et al. [18]) from mechanism’s loop/s. The choice of joint or link cutting is arbitrary

however, since the joint cutting shall be performed on a passive joint, the arbitration can

not hold when there is no any passive joint in the loop, through which the link cutting

can be employed on. It should be emphasized here that after virtual cutting of a joint,

link, or end effector of a loop, it is necessary to consider the passive joint/s of the loop

to be virtually active (as stated by Nakamura et al. [17]).

b. The loop closure constraints (according to Siciliano [146]) that bring back an open loop

to its associated closed loop (and vice versa) shall be formed.

c. The inverse dynamics of acquired open loop structure (a.k.a. kinematic or spanning

tree) shall be calculated based on the motion parameters of its associated closed loop.

In other words the torque and forces of joints (with real and virtual actuators) shall be

computed for the same motion pattern and trajectory of their respective counterparts in

closed loops.

d. The inverse dynamics of closed loop shall be formed from step c by considering the

constraints of step b.

About the above defined steps, it should be mentioned that Yiu et al. [18] tried to address

the deficiencies of previous methodologies up to step c. However, as Ropponen [8] pointed

out, if the mechanism contains any redundant actuated joint, the step d becomes the inverse

dynamic’s main technical problem.

2.2 Prior Work

The prior work is categorized in two parts. In the first part, the prior snake-like climber

robots and specially the ones that implement wheeling locomotion gait are investigated. In

second part, the prior work on inverse dynamic formulation of closed loops with different

types of actuation is investigated. The first and second parts are associated with each other

due to closed loop nature of our “Marak II" robot. As a matter of fact, while we were trying
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to realize the “Marak II" robot we faced the issue of unavailability of a unified approach

for inverse dynamic formulation of closed loops with different types of actuation. These

two parts are described as follows.

2.2.1 Snake-like Climber Robot

As has been explained earlier in literature review, so many snake-like climber robots were

created that could perform free, anchor/aided climbing, or combination of both. However,

majority of them face deadlock when they are subjected to flat vertical or semi vertical

terrains with higher heights than the length of the robot. The reason for such deficiency

among majority of snake-like climber robots is the fact that they have been designed to

employ force exerting climbing on the terrains that contain grooves, ditches, openings,

poles, holes, ropes, or so a like. In other words these climbers were designed either to

perform free climbing or perform anchor/aided climbing by utilizing the terrain features. If

such terrain features is not available, these force exerting snake-like climber robots can not

climb the flat vertical or near vertical surfaces. Few examples among these robots are the

robots of Ma et al. [106], Wright et al. [109, 113], Lipkin et al. [55], Hatton et al. [110],

Goldman et al. [111], and Ponte et al. [112]. It should be noted however that majority

of reconfigurable robots can be configured to perform the free, anchor/aided climbing, or

combination of both. However, they still suffer from the same deficiency of climbing flat

vertical or near vertical terrains.

The inability of majority of snake-like robots to climb vertical surfaces may not be a

great deal in nature but in man made structures there are plenty of flat vertical or flat semi

vertical surfaces (e.g. walls). Since the robots are created to help human being or replace

him, they generally need to work in the environments human beings work or reside. That’s

why majority of climber robots have to face flat vertical or semi vertical surfaces. As a

result, climbing a flat vertical or semi vertical surfaces becomes a major task for snake-like

climber robots.

The author thrives to make the “Marak II" robot capable of climbing from flat vertical or

semi vertical terrains through wheeling gait. The author proposes that the robot employs the

wheeling gait using astrictive climbing method. It is further proposed that among a number
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of astrictive climbing techniques the method of active suction cups is employed. Prior to

our proposed snake-like climber robot, several snake-like climber robots that employed

wheeling gait existed. As has been mentioned earlier, the first robot of this kind was the

Polybot robot of Yim et al. [122, 121]. The issue of Polybot and the rest of robots from this

family [122, 121, 107, 123, 108] was the fact that they were not designed for climbing flat

vertical or flat near vertical surfaces while climbing with wheeling gait. Still, what has been

reported from these robots [121, 147, 108] is interesting and that is the efficiency (from

power consumption point of view) and speed of the wheeling gait compared to all other

gaits of locomotion. In fact, one reason to propose building the “Marak II" and “Marak III"

was to exploit the speed advantages of wheeling gait among available snake-like robot’s

climbing gaits.

The Polybot is a reconfigurable robot. Almost majority of reconfigurable robots can

be converted to snake-like climber robots and can employ wheeling gait of locomotion for

climbing. Among these types of robots the Superbot robot of Chiu et al. [125], Salemi et

al. [126], and Shen et al. [127], Corno robot of Shen et al. [128], and M-TRAN robot of

Kamimura et al. [129], can be named. These robots could perform climbing. In fact, some

researchers experimented on these robots for climbing while employing wheeling gait. For

example the Superbot of Shen et al. [127] was tested for climbing through wheeling gait

and showed the capability of climbing up to 40 degrees slope (as mentioned before). The

same robot was given some appendages and could demonstrate climbing from the sand

dunes (as demonstrated by Chiu et al. [125]). Although such usage of force exerting

climbers works for small slopes however, when the robot is faced with flat vertical or

semi vertical surfaces such force exerting methods generally can not be executed (among

the exceptions are the porous terrains in which the force exerting climbers can perform

climbing such as spike climbers of Yim et al. [108]). However, it should be noted that, non

of the snake-like climber robots capable of exercising the wheeling gait ever tried to climb

the flat vertical or semi vertical terrains. In fact although it was possible to utilize the force

exerting climbing mechanisms for climbing near vertical or vertical flat surfaces with the

help of wheeling gait, nobody exercised it before.

The astricitve climbing mechanism was proposed because it has got higher stability on
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variety of slopes. As a result, the snake-like climber robots that follow wheeling gait and

utilize the astrictive climbing mechanisms are far more practical and are far more capable

than the mentioned force exerting climber types. They are specially great when faced with

flat vertical or semi vertical non porous terrains. Since no similar prior work existed in our

case, the author intends to propose “Marak II" robot as the first snake-like climber robot

under wheeling gait with astrictive means for climbing.

2.2.2 Inverse Dynamics Modelling of Closed Loop(s)

As mentioned earlier, there are different ways to acquire the inverse dynamic models of

closed loop robot(s). The use of obtained serial configuration formula from the closed loop

(Reduced System) is selected here. In this method, initially all the closed loop(s) of mech-

anism are virtually opened. Then the constraints that were removed from the closed loop

(for this virtual opening) should be recorded. Afterwards, inverse dynamics of the gener-

ated tree mechanism(s) are calculated based on inverse dynamics of serial mechanism(s).

Finally, the recorded constraints are implemented on the obtained inverse dynamics (of

equivalent tree mechanism) to obtain the inverse dynamic models of the closed loop(s). As

mentioned earlier, there are two ways to implement the Reduced System: one way is to

use Jacobian ratio matrix and the other is to implement Lagrange multipliers. The Jacobian

ratio matrix has the following common formula:

τG =
(
JacobT)

τtg (2.5)

Where Jacob is the Jacobian matrix of tree variables according to Khalil et al. [148], τG is

closed loop generalized force, and τtg is generalized force of spanning tree.

As mentioned before, the step d of obtaining the Reduced System in "inverse dynamic

formulation and constraint representation" section becomes the main technical difficulty

when the system has got some redundant actuated joints. Several researchers tried to ad-

dress the issue of step d through employing Lagrange multipliers (as stated by Khan et al.

[149]). However, as mentioned before, Nakamura et al. [17] stated that the usage of Jaco-

bian ratio matrix approach is superior than the Lagrange multiplier approach. He argued
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that his method is superior due to more efficient computer simulation capabilities, more

computational simplicity, and unique constraint description. As a result, Nakamura and his

students (e.g. Ropponen) plus several other researchers employed Jacobian ratio matrix of

the joints [17, 8, 10, 6]. Due to the mentioned advantages, the use of Jacobian ratio matrix

of the joints is preferred over lagrange multipliers.

Among joint Jacobian matrices, four major works could be named that include the

works of Nakamura et al. [17, 9], Ropponen et al. [8, 10], Hui et al. [7], and Yiu et

al. [18]. The mentioned authors used different notations however, for simplicity all the

representations were brought into a single representation. Before going ahead, we would

like to mention the following different types of joints q, from actuation point of view:

1. Active joint [qa]

I. Independent [qin]

II. Redundant [qr]

2. Passive joint [qu](a.k.a. un-actuated)

It should be mentioned that, the explained formulations contain some sections which

were extracted based on examples that the remarked authors provided in their papers or

seemed suitable from the author’s point of view. These sections are accompanied with

"(aribitrary)" word enclosed in parenthesis. These arbitrary sections were placed in for-

mulations to familiarize the readers with the way their authors tried to solve the examples

or as a possible way that these problems can be solved. But since the introduction of ar-

bitrary sections reduces the generally of their formulation, it has been highlighted with

"aribitrary" word so that the reader do not consider them as an exact part of solution.

2.2.2.1 Method of Nakamura et al.

Nakamura et al. [17, 9] were the pioneers in introduction of Jacobian ratio matrix of joints

for obtaining the Reduced System solution. They started from separate formulations for

redundant and non-redundant actuation cases and improved their method to a generalized
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model. They implemented D’Alembert principle in their formulation. However, they em-

ployed joint cutting approach for obtaining Reduced System and did not include link cutting

in their procedures. As a result, their method is not suitable for fully actuated mechanism.

In the first paper of Nakamura et al. [17], they divided the formulation into two separate

cases of redundant and non-redundant actuation. Both of these cases are elaborated as

follows.

1. Virtually cut the closed loop at a selected passive joint/s to obtain a tree structure (or

spanning tree).

2. Naming and frame assignments for different spanning tree branches should be made

(aribitrary).

∙ Optional procedure for ease of representation & formulation,

– Frame assignments should be made based on Denavit Hartenberg (DH)

convention (either original conventions of Denavit Hartenberg [150] or

Craig et al. [151] can be used).

– DH table and parameters should be assigned.

3. Joints should be identified as actuated (qa) or un-actuated/passive (qu). As a result,

the joint angles q is defined by the following matrix:

q =

 qa

qu

 (2.6)

At the same time qu is a function of qa. In other words:

qu = qu (qa) (2.7)

4. By implementing constraints, un-actuated joints shall be represented by the indepen-

dent joints (such representation always exists).

∙ For non-redundant case, there is a unique relation between qu and qa according

to qu = qu (qa).

57



∙ For redundant case, there is not a unique relation between qu and qa. As a

matter of fact, there are more than one relation between qu and qa. In fact, there

are Nr + 1 independent ways to define qu from qa according to: qu = qi
u (qa)

where i is from 1 to Nr + 1 (here Nr is the number of redundant joints except

the cut joint ).

5. Jacobian matrixes of passive joints w.r.t. actuated joints should be calculated from

the previous step (step 4) according to the following routine:

∙ For non-redundant case, jacobian’s ratio is calculated by (∂qu)/(∂qa)

∙ For redundant case, jacobian’s ratio is calculated by
(
∂qi

u
)
/(∂qa), where i is

from 1 to Nr +1.

6. The jacobian matrices of entire joints w.r.t. actuated joints (which is called, instanta-

neous coefficient matrix, W ) equals to:

∙ For non-redundant case, the instantaneous coefficient matrix is defined as fol-

lowing:

W =

 I
∂qu
∂qa

 (2.8)

∙ For redundant case, the matrix W is defined as:

W =

 I
∂qNr+1

u
∂qa

+ Nr

∑
i=1

αi

 0
∂qi

u
∂qa

− ∂qNr+1
u

∂qa

 (2.9)

Where αi is arbitrary and ∑
i=1

αi = 1 for (i = 1, ...,Nr).

7. Tree structure’s (spanning tree) inverse dynamics τt shall be calculated based on the

original closed loop motion (in other words the joint torques of the obtained open

loop structure shall be computed based on the original motion). This procedure can

be performed by any suitable methodology (e.g. recursive computational schemes).

8. The closed loop inverse dynamics can be calculated from step 6 and step 7:

58



∙ For non-redundant case, the torque of closed loop mechanism τc is calculated

according to:

τc =W T
τt (2.10)

∙ For redundant case, τc is calculated accordingly from defined W matrix.

τc = τ0 +Γα where: τ0 =
[

I ∂qNr+1
u

∂qa

T ]
τ,α = (α1 · · ·αNr)

T

Γ = [τ1 · · ·τNr ]∈ RNa×Nr ,τi =
[

0 ∂qi
u

∂qa

T
− ∂qNr+1

u
∂qa

T ]
τ

(2.11)

Another proposed method by Nakamura et al. [9] is described below. It is similar to

the Ropponen’s method (which will be discussed later in this section) however, it consid-

ers both redundant and non-redundant cases in a single formulation. In other words, it is

a general formulation for closed loop mechanism/s. They incorporate generalized coordi-

nate/s in their formulation. Although, several steps have to be followed to generate inverse

dynamics of closed loops prior to calculation of matrix W or S, but sice they explicitly

mentioned their method in four steps in their paper, we are not going to name them. How-

ever, it should be noted that they used the joint cutting and assumed that there is not any

interaction force or moment at the cut joint.

1. Matrices W and S shall be computed (these are the same matrices as Ropponen et

al. defined [8] however, Nakamura et al. [9] proposed a systematic computational

scheme for their calculations).

2. Tree structure inverse dynamics τ shall be calculated based on the original closed

loop motion (in other words the joint torques of the obtained open loop structure

shall be computed based on the original motion).

3. Generalized force τG shall be computed based on the following formula:

τG =W T
τt (2.12)
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4. The closed loop actuator torque τa is calculated from the following linear equation:

τG = ST
τa (2.13)

2.2.2.2 Method of Ropponen et al.

The Ropponen et al. [8] found some algorithmic singularities in the formulation of Naka-

mura et al. [17]. The Ropponen et al. defined a new method for generating singularity free

parameterizations [8]. Their method is described as follows.

As it would be seen in the following description, step 1, 2, and some parts of other steps

of Ropponen et al. is exactly similar to the method of Nakamura et al. As a matter of fact,

Ropponen et al. did not directly mention these steps, but because some initial parts of his

formulation comes from the Nakamura’s work, the same procedure would be applied.

1. Virtually cut the closed loop at a selected passive joint/s to obtain a spanning tree

(aribitrary).

2. Naming and frame assignments for different spanning tree branches should be made.

In other words, the kinematics can be based on any chosen general and systematic

notational approach (aribitrary).

∙ Optional procedure for ease of representation & formulation,

– Frame assignments should be made based on DH convention (either origi-

nal conventions of Denavit et al. [150] or Craig et al. [151] can be used).

– DH table and parameters should be assigned.

3. Joints should be identified as actuated (qa) or un-actuated/passive (qu). Among the

actuated joints, the independent joints should be distinguished (qin) (aribitrary). The

joint angles (q) is defined by the following matrix:

q =

 qa

qu

 (2.14)
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At the same time qu is a function of qa and qa is a function of qin. In other words:

qu = qu (qa) qa = qa (qin) (2.15)

4. By implementing constraints, un-actuated joints shall be represented by the indepen-

dent joints (such representation always exists).

∙ For non-redundant case, there is a unique relation between qu and qa according

to qu = qu (qa).

∙ For redundant case, there is not a unique relation between qu and qa. As a

matter of fact, there are more than one relation between qu and qa. In fact, there

are Nr + 1 independent ways to define qu from qa according to: qu = qi
u (qa),

where i is from 1 to Nr + 1 (here Nr is the number of redundant joints except

the cut joint ). However, here there is no necessity to find all the Nr +1 values.

Just one representation of qu w.r.t. qa is sufficient.

5. Jacobian matrixes should be calculated from step 3 according to the following pro-

cedure.

∙ For non-redundant case, jacobian’s ratio is calculated by (∂qu)/(∂qa).

∙ For redundant case, two jacobian ratios should be calculated:

– An arbitrary jacobian ratio is calculated (out of possible Nr +1 choices) by(
∂q1

u
)
/(∂qa).

– Another jacobian ratio is calculated by (∂qa)/(∂qin).

6. Instantaneous coefficient matrix/es should be calculated accordingly.

∙ For non-redundant case, the instantaneous coefficient matrix W0 (which relates

the actuated and un-actuated joints) is calculated according to:

W0 =

 I
∂qu
∂qa

 (2.16)
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∙ For redundant case, the instantaneous coefficient matrix W0 (which relates the

actuated and un-actuated joints) and instantaneous coefficient matrix S (which

relates the independently actuated and redundant/dependently actuated joints)

shall be calculated from step 4 accordingly:

W0 =

 I
∂q1

u
∂qa

 S =

 I
∂qr
∂qin

 (2.17)

7. Tree structure inverse dynamics τ (generalized force), shall be calculated based on

the original closed loop motion (in other words the joint torques of the obtained open

loop structure shall be computed based on the original motion).

8. The closed loop inverse dynamics can be calculated from step 5 and step 6 according

to:

∙ For non-redundant case, the closed loop inverse dynamics formulation is as

follows:

τc =W T
0 τ (2.18)

∙ For redundant case, the closed loop inverse dynamics formulation is calculated

accordingly:

τc = SS+W T
0 τ +

(
I −SS+

)
y (2.19)

Where S+ is the Pseudo-inverse of S, I is unity vector and y is an arbitrary

vector that symbolizes actuation redundancy.

– The formula in previous step (2.19) can also be written in the following

format:

τc =W T
0 τ +λα (2.20)

Where α is actuation redundancy’s independent parameter and λ is com-

prised of independent columns of (I −SS+) matrix.

– Finally, the closed link loop torques can be optimized by choosing appro-

priate value for α .
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2.2.2.3 Method of Yiu et al.

As mentioned before, Yiu et al. [18] elaborated further on the idea of link cutting by

introducing examples, procedures, and mentioning the advantages. The link cutting enables

the formulation to consider the involved frictional forces in the passive cut joint/s (in case

of joint cutting), and empowers the formulation to tackle the fully actuated mechanisms.

At the same time, they addressed the problem of neglected torques/forces exerted on other

links of the system by employing a generalized transformation of those forces/torques to

the generalized space. They created a general methodology from principle of equivalence

of inertia and Euler-Lagrange formulation. They did not discuss in detail the possible

joint actuation scenarios (regarding independent active joints, redundant joints, and passive

joints). They also did not pursue a general solution for redundant cases and implemented

the simplified solution of minimum 2nd-norm pseudo-inverse. Although, Yim et al. [18]

mention the available shortcomings of prior formulations and provides the solutions, but

they did not provide a comprehensive stepwise solution for parallel manipulators (e.g. as

Nakamura et al. [17, 9] did). As a result, the entire stepwise solution that is provided here

is going under (aribitrary) state. It should be mentioned that, the remarked (aribitrary)

stepwise formulation works for both holonomic and non-holonomic constraints involved

in closed loop. The perceived formulation of Y. K. Yiu et al. [18] (which is not in real

existence) is described as follows.

1. Virtually cut the closed loop at chosen link/s to obtain a spanning tree.

2. Naming and frame assignments for different spanning tree branches should be made.

3. Select the independent generalized coordinate/s (joint angle/s) that parameterizes the

configuration space of the mechanism.

4. Obtain the closed loop constraint equation/s (both theoretical and geometry based

formulations can be used). In other words, find the equation that converts tree struc-

ture to closed loop, which is: h(q) = 0.

Hint: the closed loop equations can be obtained by relating position or velocities of

different branches w.r.t. cut point’s position and orientation.

63



5. Use the closed loop constraint equation/s (in step 4) to find the relationship/s be-

tween configuration space/joint space and the selected generalized coordinate/s. In

other words, find the parametrisation formula that describes the configuration/joint

space by the chosen generalized coordinate/s. Strictly speaking, in case of joints se-

lected as generalized coordinates, parameterize the entire joints with respect to the

independent joint/s (this parametrisation is performed by calculating the jacobian

matrixes of joints).

6. Calculate the inverse dynamics of the branches for the same closed loop motion.

7. Transform the applied external forces on the mechanism (e.g. gravity force) to the

generalized force space.

8. Calculate the inverse dynamics of the spanning tree by integrating the dynamic equa-

tions of branches and applied external forces (step 6 & 7).

9. Use step No. 5 to obtain the closed loop inverse dynamics equation from step 8, by

the following equation:

τc =
∂q

∂qin

T

τt (2.21)

2.2.2.4 Method of Hui et al.

Hui et al. [7] introduces a formula which is similar to our formulation. However, their

formulation is divided in redundant and non-redundant cases and thereby, they do not fol-

low a unified approach. On the other hand they employ joint cutting technique and do not

incorporate link cutting. They defined some simple control algorithms for their formula-

tion. Their method has been proved in their paper however, their paper lacks any straight

forward procedure as was provided by several authors such as Ropponen et al. [8]. As a

result, the entire stepwise solution that is provided here undergoes the aribitrary state. In

fact, the mentioned steps are what the author perceived from the paper, based on his prior

knowledge. Method of the Hui et al. [7] is delineated as follows.

1. Virtually cut the closed loop at a selected passive joint/s to obtain a spanning tree.
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2. Calculate the Lagrangian of equivalent open loop and calculate the joint torques

based on the equivalent motion of closed loop mechanism (that lives up to the loop

constraints).

3. Compute the constraint matrix from the loop constraints and use them for finding the

inverse dynamics of the closed loop with an equivalent motion as below:

∙ For non-redundant case:

– The matrix W which is called constraint matrix (by Hui et al. [7]) is com-

puted as follows:

W =

 I
∂qu
∂qa

 (2.22)

– The closed loop inverse dynamics formulation is:

τa =W T
τ (2.23)

Where τa is the closed chain’s joint torque.

∙ For redundant case:

– The constraint matrixes W and S are computed as follows:

W =
[

∂q
∂qin

]
(2.24)

S =
∂qa

∂qin
(2.25)

– The closed loop inverse dynamics formulation is:

W T
τ = ST

τa (2.26)

– The τa can be calculated from Moore-Penrose Pseudo inverse, which is one

of the most common algorithms accordingly (the following equation was
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Table 2.1: Prior Work (# means no,  means yes, G means simplified solution)
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1 Yiu et al.[18] #  # #  #  #  # # #
2 Ropponen et al.[8, 10]  #  #    # # # # #
3 Nakamura et al.[17, 9]  #  #     # # # #
4 Hui et al. [7]  # G #    # # # # #
5 Bessonnet et al. [140]  #   #  #   # # #
6 Our proposed method    #         

not generated by the Hui et al.):

τa =
(
ST)+ (W T

τ
)
+
(

I −
(
ST)+ (ST))y (2.27)

where: S+ is Moore-Penrose Pseudo-inverse or simply Pseudo-inverse of S.

Hui et al. [7] do not consider the fact that for a generated tree branch (out of the given

closed loop), there might be one or several passive joint/s that have to be considered to

be virtually active for analysis (as stated by Nakamura et al. [17]). Similar to some other

mentioned formulations, they also assume that the there is no interaction of force(s) or

torque(s) on the cut joints.

It has to be emphasized again that there are multiple solutions for the given problem of

closed loop’s inverse dynamics however, (as has been mentioned in detail before) we opted

those formulations which were based on Euler-lagrange methodology and implemented

jacobian ratio matrix for constraint representation. A compact comparison between the

above mentioned methods plus one possible solution that incorporates lagrange multipliers

is tabulated in table 2.1.
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2.3 Advantages and Disadvantages

The snake-like climber robots are the subset of snake-like robots. As a result, they inherit

the advantages and disadvantages of snake-like robots. As any other robotic system, the

snake-like robots posses several pros and cons. Their major advantages are terrainability,

redundancy, maneuverability and motion versatility, robustness, stability, reconfigurable

functionality, size, and sealing. Their major disadvantages are complicated system and in-

tricate control, lack of efficient and accurate kinematics and dynamics models, high cost,

complicated design and production, difficulty in thermal control, payload limitation, and

low locomotion speed. These major advantages and disadvantages are listed in detail in

appendix B. Since author intends to propose a new formulation for computing the inverse

dynamics of parallel mechanisms, the author have also included the advantages and dis-

advantages of prior works in section "Advantages and Disadvantages of Prior Modelling

Parameterizations" in appendix B.

2.4 Applications

The robots have been created mainly to either replace human being or help him in per-

forming different tasks. Based on the weightage of advantages and disadvantages, specific

applications are associated to different types of robots. As stated, snake-like robots and

their subdivision of snake-like climber robots offer so many advantages, however their

applications is limited currently due to their disadvantages. Unfortunately nowadays they

are generally laboratory employed equipments, or are produced in low quantities. Although

they have been created almost 40 years ago, but they could not reach the popularity of other

types of robots which were created much after them (for example robotic vacuum clean-

ers). The main reasons associated to this unpopularity is the disadvantages of these robots

plus some economical, social, and political reasons. However, there are some emerging

new applications that will change their unpopularity. Among these emerging applications

the medicine, production, coating, and assembly (specially in aerospace industry) can be

named. The snake-like climber robot was generated much after the snake-like robot. It is
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almost a new concept and has not reached to mass production levels. Hopefully, the snake-

like climber robots will find some promising applications that can bring them to mass pro-

duction levels. However, the possible applications of snake-like climber robots that seem

relevant are inspection, search and rescue, exploration and reconnaissance, medicine, fire

fighting, production, coating, and assembly. These applications are discussed in detail in

appendix B.

2.5 Problem Significance

As mentioned before, in this thesis we try to address two major problems. The first problem

is to explore the possibility of increasing the climbing speed of planar snake-like climber

robot (undergoing rectilinear gait) from vertical or near vertical flat surfaces with higher

heights than the robot’s own free-climbing height through implementation of wheeling

gait. The second problem is the development of a unified mathematical Euler-Lagrange

technique that handles the inverse dynamics formulation of a parallel robot under any type

of passive, and/or active joints that also covers both link & joint cuttings. As mentioned

before, these two problems are interrelated. In fact we wanted to address the first prob-

lem only, however we came to know, after a while, that without a proper formulation for

such a varying system (from actuation point of view) we can not address the first problem

properly. In this way, the second problem was generated. It is interesting to mention that,

solving the second problem seems to be much more difficult than the first problem. In the

following subsections we review the problem significance of the first and second problems

accordingly.

2.5.1 First Problem Significance

As mentioned before in chapter one, the author created a snake-like climber robot called

“Marak II". The author observed the low climbing locomotion speed of “Marak II" under

rectilinear gait. Since the speed is really an important factor not only for accomplishing

climbing or locomoting, but also in successful performance of several associated applica-

tions of snake-like climber robots (such as search and rescue), the author tries to check the
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possibility of implementing the wheeling gait on a snake-like climber robot called “Marak

II". If such a robot could demonstrate the successful implementation of wheeling gait, the

performance of majority of available and future snake-like climber robots can be increased

with very low variations, because majority of snake-like robots can undergo a wheeling

gait with just minor changes.

In literature, there are plenty of climber robots. Although snake-like climber robots

have got plenty of advantages in certain applications however, unlike the plentifulness of

other type of climber robots, there are very few snake-like climber robots in literature.

A common problem with these robots is the slow climbing speed of them. Although the

wheeling gait demonstrated promising results on the ground and on the small & medium

slopes (up to 40 degrees) but, no one ever tried to check its capabilities on vertical or

semi vertical flat surfaces. In fact, the proposed “Marak II" would most probably be the

first robot that implements such a gait on the vertical or semi vertical flat surfaces. If the

robot can prove the high speed capabilities of wheeling gait on vertical or semi vertical

flat surfaces, it would be the first time such a vertical climbing speed is confirmed and as a

result, it will pave the way for faster and more advanced snake-like climber robots in future.

2.5.2 Second Problem Significance

In practice, several types of robots can face different actuation scenarios. For example, if

an industrial robot with articulated joints having 4 or 5 DOF is made to work on a two

dimensional plane, the robot has a choice among different actuation possibilities. Simi-

larly, if its gripper holds an object on the ground and stays there, some other joints can

still be actuated. In such a case, the robot’s operator may choose to activate all the joints

or may choose to deactivate some joints (hold them as passive) and activate the rest. As

a matter of fact, based on available DOF, there are several possible combinations (number

of combinations can be extremely high for robots with high DOF such as hyper-redundant

robots or majority of reconfigurable robots). Now suppose that the operator tries to design

a trajectory for the robot undergoing the closed loop. For that he/she needs to calculate

the inverse dynamics of the robot. Unfortunately most of the available inverse dynamics

methodologies offer separate formulations for redundant and non-redundant cases. This
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makes the problem even more complicated. In fact, there is a need of a simple and accu-

rate generalized formula that can cover all redundant and non redundant cases. This need

forced us to propose a unified formulation based on simple Euler-Lagrange methodology

that could cater the different actuation scenarios accurately. In practice such a unified for-

mulation can be applied to variety of robots undergoing the closed loop conditions and can

reduce the burden of multiple formulations.

As mentioned before, in literature the treatment of robots’ closed loop inverse dynamics

has been done generally in separate formulations for redundant and non-redundant cases.

Among the available Euler-Lagrange formulations there are just few works that provide a

generalized solution for redundant and non-redundant cases. Majority of these solutions

use lagrange multipliers. As a matter of fact, there are few general formulations (the work

of Nakamura et al. [9]) that utilize more efficient method of jacobian ratio matrix cal-

culation. However, the method of Nakamura et al. [9] has got some deficiencies. The

main deficiencies are about joint cutting and ignorance of friction & external imparted

forces/torques. The other non-general methodologies which are based on Euler-Lagrange

formulations have got their own deficiencies. These deficiencies were discussed in detail

(in first chapter and this chapter). To remedy these deficiencies, the author proposes a uni-

fied mathematical Euler-Lagrange technique that handles the inverse dynamics formulation

of a parallel robot under any type of passive, and/or active joints and at the same time, cov-

ers both link & joint cuttings. If the proposed methodology can be verified, it would be

the first mathematical formula that handles the inverse dynamics formulation of a robot

under any type of passive, and/or active joints that also covers both link & joint cuttings

and implements empty matrix concept. In fact, such a proposal can increase the usage and

implementation of actuation scenario changes.

2.6 Thesis Uniqueness

Different aspects of uniqueness of this thesis have been discussed earlier, however they

have been summarized as follows:

1. A unique and novel snake-like climber robot has been proposed that is capable of
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climbing vertical & near vertical flat terrains (with higher heights than the snake’s

length) and employs active suction cups in its mechanism.

2. A unique study on the effects of wheeling gait regarding the increment of snake-like

robots’ climbing speed on vertical or near vertical flat terrains is proposed.

3. A unique and novel unified formulation that encompasses passively and actively-

actuated joints (including redundantly-actuated joints) is proposed that caters both

link and joint cutting approaches (with a condition for joint cutting approach that

at least one passive joint shall be present in the mechanism). It utilizes the Euler-

Lagrange method and D’Alembert’s principle.

4. The proposed method is uniquely based on the usage of disciplined sorting of entire

joint types in jacobian ratio matrices. This uniqueness, from one hand enables the

user to understand & analyze the mechanism better & faster, and on the other hand

helps to reduce the possible human errors.

5. The proposed method uniquely incorporates the empty matrix concepts.

6. A modified four step procedure for obtaining the inverse dynamic formulation of

closed loop/s in Reduced Systems is proposed.

2.7 Summary

In this chapter first an adequate literature review on snake, gait, snake gaits, snake-like

robot, climber robot, snake-like climber robot, and robotic modelling topic was provided.

In fact, this chapter started from the snake topic and the discussion was gradually built

towards the snake-like climber robots. Then, the robotic modelling was discussed fol-

lowed by a section about a modified four step procedure for obtaining the inverse dynamics

formulation of closed loop/s in Reduced Systems. Afterwards, in prior work the prior

snake-like climber robots, inverse dynamics modelling of closed loops, and major inverse

dynamics formulations including the works of Nakamura et al. [17, 9], Ropponen et al.

[8] , Yiu et al. [18], and Hui et al. [7] were discussed. Then, a comparison between the
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mentioned formulations was made. Afterwards, in advantages and disadvantages section,

the advantages of snake-like robots including terrainability, redundancy, maneuverability

and motion versatility, robustness, reconfigurable functionality, size, and sealing, & disad-

vantages of snake-like robots including complicated system and intricate control, lack of

efficient and accurate kinematics & dynamics models, high cost, complicated design and

production, difficulty in thermal control, payload limitation, low locomotion speed, and fi-

nally advantages and disadvantages of prior modelling parameterizations were investigated.

Then, in applications section the possible applications of snake-like climber robot includ-

ing cleaning, medicine, production, coating and assembly, inspection, search and rescue,

exploration and reconnaissance, and fire fighting were investigated. Afterwards, in prob-

lem significance section the problem significance of two main problems of this thesis were

discussed. The chapter then ends up with mentioning the uniqueness of my thesis. To sum

up, in this chapter the author reviewed the foundations of snake-like climber robots, their

pros and cons, their applications, plus different dynamics modelling techniques for parallel

mechanisms, their comparative, study and the two major problem significances.
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Chapter 3

Methodology

3.1 Introduction

In the last chapter, the snake-like climber robots and the inverse dynamics modelling of

closed loops were investigated. In the former topic, it is mentioned that the robots’ duty is

to help human being or replace him/her. Since humans generally live in an environment full

of vertical walls, thereby sometimes the robots have to cross those vertical or semi vertical

walls to perform their duties. Such a vertical climbing can be performed either through

free, anchor/aided climbing, or combination of both. By investigating the prior work, it

was found out that other than “Marak I" no any other snake-like climber robot was capable

of climbing flat vertical or semi vertical surfaces through the usage of astrictive means. The

“Marak I" robot is a slow climber since it is best adapted to follow rectilinear gait.

From the observation of snake-like robots’ speed in prior works, the author found out

that the robots that implemented the wheeling gait of locomotion were the fastest. As a

result of this observation, there may be a possibility for increasing the speed of climbing

through the implementation of wheeling gait on the snake-like climber robots. This as-

sumption forms into the following major problem. The first major problem in this thesis

is the exploration of the possibility of increasing the climbing speed of planar snake-like

climber robot undergoing rectilinear gait (a natural gait of locomotion) from vertical or

near-vertical flat surfaces with higher heights than the robot’s own free-climbing height

through implementation of wheeling gait. For implementation of wheeling gait, several
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sub-problems needs to be tackled. One major sub-problem is designing a climber snake-

like robot that is capable of handling both rectilinear and wheeling gaits of locomotion on

vertical or near-vertical flat surfaces. Such a design should be flexible enough for handling

different operations or experimentations. The next major issue is the proper gait planning.

In other words, a possible methodology of planning the robot’s wheeling gait shall be found

(that is based on the physical structure of the robot) that can generate a scientifically com-

parable results from similar initial conditions. Other major issues may raise from different

varying parameters of robot or environment. For example, the flexibility in robot structure

or varying sticking conditions may generate some problems in addressing the first problem.

Additional sub-problems and the methods to handle them are explained in the upcoming

parts of this chapter.

The next topic that is mentioned in the previous chapter is the inverse dynamics mod-

elling of closed loops. Over there, the major works in the inverse dynamics modelling of

closed loops plus their advantages and disadvantages are investigated. It is mentioned there

that in Reduced System methodology, how a closed loop has to be opened (by four steps)

for achieving the inverse dynamics formulation. Interestingly for redundant actuation, the

last step (which is the formation of inverse dynamics of closed loop from the prior steps)

raises the main technical issues.

Among the major works in the inverse dynamics modelling of closed loops four works

of Nakamura et al. [17, 9], Ropponen et al. [8, 10], Yiu et al. [18], and Hui et al. [7]

are reviewed. The Nakamura et al. [17] is the pioneer in the usage of Jacobian ratio

matrix approach. They state that the implementation of Jacobian ratio matrix approach

is a cut above, from the Lagrange multiplier approach. Their proposed inverse dynamics

formulation covers the non-redundant and the redundantly actuated cases separately. The

Nakamura’s research team [9] are also the pioneers in introducing a unified approach (im-

plementing both redundant and non-redundant cases in a single formulation). However, it

should be noted that in all of their methodologies, they used the joint cutting and assumed

that there is no any interaction force(s) or moment(s) at the cut joint. The Ropponen et al.

[8, 10] finds some algorithmic singularities in the formulation of Nakamura et al. [17] and

proposes a formula for the redundantly actuated mechanisms in all configurations without

74



any algorithmic shortcoming [10]. However, it also considers a separate formulation for

redundant and non-redundant cases, incorporates the joint cutting, and assumes that there

is no any interaction force(s) or moment(s) at the cut joint(s). Yiu et al. [18] is not the

first who proposes the link or end effector cutting, however the paper is appreciated be-

cause it elaborates further on the idea of link cutting by introducing examples, procedures,

and mentioning the advantages. The paper proves that the Newton Euler method, direct

lagrangian approach, and Reduced System (tree system) methodology exactly provide the

same results (for a given problem). At the same time, it addresses the problem of neglected

torque(s)/force(s) exerted on other links of the system by employing a generalized trans-

formation of those force(s)/torque(s) to the generalized space. Hui et al. [7] introduces a

formula which is similar to the formulation proposed in this thesis. However, the paper

makes a major mistake in proving its proposed formulation. This mistake makes the for-

mulation to be inaccurate when some passive joints are present in the mechanism. The

paper also presents a separate formulation for redundant and non-redundant cases, uses

the joint cutting, and assumes that there is no any interaction force(s) or moment(s) at the

cut joint(s). At the same time, the paper introduces four basic control methodologies for

redundant actuation of parallel robots that are based on the control of serial robots.

In the entire prior formulations, generally there are separate formulas for redundant

and non-redundant actuation scenarios. In fact, there are just few methods that unify the

redundant and non-redundant actuation cases into a single formula. Even those few uni-

fied formulations for different actuation scenarios suffer from some major disadvantages

(some of these disadvantages are mentioned in detail in previous chapters). Although,

some formulations exist in which the non-redundant cases can be obtained from redundant

formulas, however their authors did not try to generalize their work. Since the snake-like

robots generally undergo different actuation scenarios, thereby it will be advantageous to

have a unified formula (or general formula) for such robots. At the same time, nobody

exclusively mentions any formulation that can be able to work with both joint cutting and

link cutting. As mentioned before, the link cutting enables the formulation to consider the

involved frictional forces in the passive cut joint(s) (in case of joint cutting), and empowers

the formulation to tackle the fully actuated mechanisms.
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The second major problem is addressed here to minimize some of the associated de-

ficiencies of available formulations. The second major problem is the development of a

unified mathematical Euler-Lagrange technique that handles the inverse dynamics formu-

lation of a robot under any type of passive, and/or active joints that also covers both link &

joint cuttings. Meanwhile the author intends to create a general unified formulation with

few steps. Additionally, the introduction of a simple step-by-step procedure based on the

general formulation is desired. Since, in addition to mathematical proof, such a formula-

tion needs to be verified experimentally, several additional problems may be faced during

the experimentations. For example, the noise in the experimentation may create difficulties

in scientific validation. Additionally, some parameters that are neglected in formulation

may show themselves in experimentation (such as joint clearances, or link flexibility). This

chapter of dissertation tries to provide the methodologies that tackle these two problems

and their associated sub-problems. The contents of this chapter mainly come from the

works of Nezaminia [4, 3], Dowling [76], Nakamura [17, 9], Ropponen et al.[8, 10], and

Hirose [5].

3.2 General Method

The general method towards finding the answers for two major problems of this dissertation

and their associated sub-problems is based on simplicity. In other words, the author tries

to find simple solutions for answering the problems and sub-problems. To achieve this

simplicity, some assumptions are made which are discussed in a later part of this thesis

under the "Research Assumptions" heading. As it is mentioned earlier, there are two major

problems in this thesis, as a result, this section is divided into two subsections related to

each major problem.

3.2.1 First Major Problem

To address the first major problem, a robot has to be build that can verify the possibility of

increasing the climbing speed of planar snake-like climber robot undergoing rectilinear gait

from vertical or near-vertical flat surfaces with higher heights than the robot’s own free-
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climbing height through implementation of wheeling gait. This robot can have different

configurations and specifications. However, for accurate comparison, some of the condi-

tions and specifications have to be fixed for the robot while it undergoes either rectilinear or

wheeling gaits of locomotion. The terrain of locomotion, path of climbing, inclination of

climbing surface, entire assembly of robot (that includes type of joints, length of links, and

type of climbing means, to name a few), and the conditions through which climbing means

are operating (e.g. the vacuum pressure of suction cups or electrical supply of magnets) are

among the conditions that shall remain fixed. Since the terrain of locomotion shall be same

for both gaits of locomotion, a terrain of locomotion shall be build for experimentation. The

same robot is then placed on the built terrain and shall undergo both rectilinear and wheel-

ing gaits of locomotion. The result of climbing are then compared with each other. The

design of the robot is explained in detail in later parts of this chapter, however the reasons

for selection of rectilinear and wheeling gait is described in the following subsection.

3.2.1.1 Gait Selection

Increasing the climbing speed of two dimensional snake-like robots undergoing rectilinear

gait of locomotion through incorporation of wheeling gait is intended in the first problem

of this thesis. Although, the focus goes on the rectilinear gait of locomotion, however,

some other natural gaits of locomotion can also be used for comparison. Majority of natu-

ral locomotion gaits of snakes are performed in three dimensions. However, some of them

such as the lateral undulation, rectilinear, and concertina gaits can be employed in two di-

mensional climbing locomotion (the sidewinding gait is inherently three dimensional and

it seems impractical to employ it within two dimensions). The incorporation of two di-

mensional lateral undulation climbing gait from the vertical or near vertical surfaces has

never been reported in literature but the author have found some ways to implement it

for climbing the vertical or near vertical surfaces. The possible ways are incorporation of

wheels in the structure of snake-like robots with electro adhesives, active suction pads, or

magnetic climbing means, usage of active/passive suction pads, or incorporation of oval

suction cups with different frictional properties on non-wheeled designs. Since the incor-

poration of lateral undulation for climbing from vertical or near vertical terrains requires
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much more complex design than rectilinear and concertina gaits and can not be exercised

with the available budget and equipments, as a result they are not practiced. Although, the

budget was not sufficient for concertina gait either, the experimentation was conducted on

concertina gait and high torque requirements of this gait was recognized. The high torque

requirement of concertina gait (which has to be implemented on a snake-like robot) was

beyond the range of our available servo motors (for continuous motion). As a result, build-

ing a snake-like robot undergoing concertina gait was cancelled. The comparison is based

on rectilinear gait, since rectilinear gait can be implemented on the available actuators.

As it was mentioned before, there are plenty of non-natural gaits of locomotion for

snakes among which wheeling, strafing, lateral rolling, travelling wave rotor, flapping,

rolling collar, and corkscrewing gaits can be named (as defined by author, Dowling [1],

and Lipkin et al. [55]). However, the wheeling gait proved to be the fastest gait of lo-

comotion on the ground for snake-like robots. At the same time, the wheeling gait can

be implemented with our available resources. So the wheeling gait is selected among all

available gaits, for improving the speed of locomotion of snake-like robots undergoing

rectilinear gait.

3.2.2 Second Major Problem

In the second subsection (for second major problem) a unified inverse-dynamics model

based on Euler-Lagrange technique is proposed that handles the inverse dynamics formula-

tion of a robot under any type of passive, and active joints that also covers both link & joint

cuttings. To address this problem, different methods can be employed. The explanation of

different methods along with a small introduction is described as follows:

There are different methods available in formulating the inverse dynamics of mech-

anisms. They are generally named after the way in which the equations of motion are

derived. Among these methods, the Euler-Lagrange, Newton-Euler, Kane, Gibbs-Apple,

and D’Alembert’s principle can be named. Each method has its own advantages and dis-

advantages, however for a given problem all of the above mentioned methods lead to the

same answer . As mentioned in chapter two, among the available methods, the Euler-

Lagrange and Newton-Euler are vastly popular and have got higher number of scientific
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databases/algorithms written on them. The Euler-Lagrange is conceptually simple, and can

end up easily to closed form solutions (which is appealing from both modelling and control

point of views). In this thesis, the concern is to generate the inverse dynamics formula-

tion for parallel robots. The parallel robots generally have more complicated equations of

motions than serial ones. Since the general method for finding the solutions, is based on

simplicity, as a result, the simple Euler-Lagrange methodology is chosen to deal with such

complicated equations. Although, the D’Alembert’s principle can be used separately to

deal with equations of motion, however along Euler-Lagrange method, the D’Alembert’s

principle can be used whenever necessary since the Euler-lagrange methodology is itself

derived from the D’Alembert’s principle.

Generally the inverse dynamics equations of a parallel mechanism is either solved di-

rectly, or is solved through conversion of the close loop mechanism to open loop mecha-

nism, or through some combination of both methods (as mentioned in chapter two). In the

same way, the Euler-Lagrange methodology can be solved either directly, or through Re-

duced System, or through some combination of them. In comparison, from one hand, the

direct solution generally ends up with more complex and more difficult calculations than

Reduced System. On the other hand, there are generally more resources on Reduced Sys-

tem than the direct solutions of the closed loops (because there are more scientific works

on the serial robots than the parallel robots). Due to these two reasons, the Reduced System

is selected to be carried out on Euler-Lagrange methodology. For acquiring the inverse dy-

namics equation in Reduced System, two approaches of lagrange multipliers and Jacobian

ratio matrix are available. The Jacobian ratio matrix is more computationally efficient (as

mentioned by Nakamura et al. [17]) than the lagrange multipliers. As a result, the Jacobian

ratio matrix is preferred to the lagrange multipliers in this work.

In Reduced System, the closed loop mechanism is virtually cut at some joint(s), link(s),

or end effector(s), and is converted to a tree system (open loop mechanism(s)). In in-

verse dynamics calculation of Euler-Lagrange formulation, generally the cutting take place

at some passive joints. However, cutting the joints (in pure Euler-Lagrange formulation)

generally will cause the joint torques/forces to be ignored. For example, the cut joint’s

friction is generally ignored in Reduced System. The methods to remedy this neglected
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torques/forces are: cutting the link(s) or end effector(s) (as proposed by Yiu et al. [18]),

cutting the link(s) or end effector(s) and laying a rigid joint for constraint (as employed

by Khan et al. [144]), incorporation of additional control variables (according to the work

of Bessonet et al. [140]), adaptation of unknown additional forces (based on the work of

Smith et al. [138]), incorporation of unknown additional torques (according to work of Luh

et al. [139]), usage of other methods (such as Newton method according to works of Yiu et

al. [141] & Liu et al. [142]), or incorporation of additional virtual joint(s) or link(s) after

the cut portions to the mechanism.

Since this work proposes to use the pure Euler-Lagrange methodology (with possible

combination of D’Alembert’s principle), the incorporation of other methods or principles

in formulation is not adopted. At the same time, several of mentioned solutions utilize

the lagrange multiplier (which is inferior to our selected Jacobian ratio matrix). Mean-

while, the incorporation of additional virtual joint(s) or link(s) after the cut portions to the

mechanism increases the difficulty and complexity of equations of motion and because the

formulation simplicity is a major criteria in this work, such a solution is not going to be

practiced. In contrary, cutting the link(s), or end effector(s) can be implemented with pure

Euler-Lagrange methodology, can be implemented with Jacobian ratio matrix, does not re-

quire additional variables, and does not generate a difficult problem as implementation of

additional virtual link(s) or joint(s) may do. It should be mentioned, however that cutting

the link(s), or end effector(s) does not neglect the joint torques/forces. Thereby, cutting the

link(s) or end effector(s) generate more accurate results (since the end effectors are some

type of links, thereby the term link cutting is used for both link and end effector here after).

Due to enhanced accuracy of link cutting, it is proposed as the main method for obtaining

the Reduced System in our formulation. Among two available approaches of link cutting

by Yiu et al. [18] and Khan et al. [144] the simpler approach of Yiu et al. [18] is followed.

Although, the joint cutting method of Yiu et al. [18] is selected for acquiring the Reduced

System equations, however the joint cutting (which is more popular) is not neglected in our

formulation entirely. In fact, a formulation is proposed that can cater both types of joint

and link cutting (through which the user has got both choices). Such a formulation handles

a broader domain of solutions.
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The snake-like robots generally have got redundantly actuated joints. At any instance,

the programmer of snake-like robots may select between activity or passivity of redun-

dantly actuated joints. As a result, it is essential to have a formula that can cater both types

of active and passive joints in such mechanisms. As has been stated in chapter two, the ac-

tuation redundancy has got abundant advantages and at the same time, it is the main cause

of technical difficulties in dealing with redundantly actuated systems (as stated by Rop-

ponen [8]). As a result, so many researchers try to incorporate the actuation redundancy

and rectify their problems in new sets of formulations. However, majority of formulations

created up to now deal separately with redundant and non-redundant cases. Although, it is

possible to have different sets of formulas for such mechanisms, however having a unified

formula would bring the following advantages to the formulation (as stated in chapter one

and two):

1. The avoidance of switching between different formulas.

2. Reduction in formulation division to one single formula.

3. Incorporation of both link and joint cutting in a single formula.

4. Incorporation of any combination of independent, redundant, or passive joints in a

single formula.

There are different mathematical tools to unify a formula. One way is to use the empty

matrix. The empty matrix approach is selected for this thesis because of two main reasons:

1. The extreme usage of matrices in robotics and their user-friendliness in robotics field.

2. The empty matrix has not been used for generation of such a unified approach before.

When the Jacobian ratio matrix is formed, it may contain all or any controllable com-

bination of the independent, redundant, and passive joints’ parameters. In the entire past

formulations, there are some instances through which the position of some parameters can

be interchanged with the parameters of other sort. Although such interchangeability in-

creases the generality of formulation, however it may create some difficulties in equation
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calculations (specially in a complex system). For example, the user may wrongly inter-

change some parameters in a complex problem. To avoid such mistakes systematically,

this works tries to propose a formula that stops the interchangeability and employs a disci-

plined sorting. The such a formula and its proof is available in upcoming sections.

3.3 Research Assumptions

Although, it is possible to design & build complex robots and then make a full model of

such robots under different varying conditions, the author tries to design and build simple

robots with a simplified model out of general realistic model (which is computationally

expensive) to answer both major problems and their associated sub-problems. As a result

of this simplification approach in answering the problems, the following assumptions are

made:

∙ Level of Autonomy: The robots are not supposed to be fully autonomous. The

robots’ autonomy should stay at teleoperation level.

∙ Mapping: The mapping is not considered to be done by robots.

∙ Path planning: The user is supposed to generate the paths for the robots.

∙ Climbing tests environment: The climbing tests/experiments should be performed on

the test-bed.

∙ Test bed material: The test-bed climbing surfaces of the “Marak II" robot is made of

wood (that is common in the man-made constructional sites).

∙ Climbing conditions: The climber robot should be able to traverse a fully flat terrain,

should contact the terrain with soft and non destructive landing , and it should also

possess lower sensitivity to dirtiness of terrain of locomotion.

∙ Parameters to Ignore: Flexibility of links & joints, clearances, backlash, stiffness &

friction in joints (including actuators), deflection in anchoring mechanism, motion of
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locked link(s), and slip of the robot at couplings & on the terrain is ignored. In other

words links and joints are considered to be rigid and ideal.

∙ External forces: All external forces (including the contact forces, friction forces, and

astrictive forces, to name a few) are excluded from model (although all these forces

can be included in the model, however for simplicity they are ignored).

∙ Position of mass: The mass of the link, plus the mass of the joint associated to that

link (including the mass of stationary parts of electrical servo motor on that link) are

considered to concentrate at the link’s Center of Mass (CM).

∙ Symmetry: All links and joints are considered identical for experimentation related

to snake-like climber robot (related to first hypothesis).

∙ Electric motors: The rotors of the motors are considered symmetric while their CM’s

are considered to be on their rotational axes. The effects of gears on kinetic energy

was included in motor’s properties.

3.4 Hypotheses

Since in this thesis, there are two major problems to tackle with, one hypothesis is defined

for each problem. These hypotheses are described for first and second major problems as

follows:

3.4.1 First Hypothesis

In a snake-like robot, the speed of climbing will increase if the wheeling gait is employed

instead of the rectilinear gait for climbing vertical or near-vertical flat surfaces.

3.4.2 Second Hypothesis

For controlled closed loop mechanism including but not limited to parallel robots, the pro-

posed two steps approach calculates the inverse dynamics under any number of active,

and/or passive joints, & also covers both link & joint cuttings.
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1. The instantaneous coefficient matrices W and S shall be calculated based on the given

joint types (according to the ensuing formula (3.1)).

W =


I

∂qr
∂qin
∂qu
∂qin

, S =

 I
∂qr
∂qin

 (3.1)

Where: [qin] is independent joint, [qr] is redundant joint, and [qu] is passive joint.

2. Find the τc (joint torque of closed loop) from the calculated values of previous step

and the τt (the derived joint torque of tree structure [open loop]) by bearing in mind

that the created open loop shall follow exactly the same motion as the original closed

loop (according to the following formula (3.2)).

τc =
(
ST)+W T

τt +
(

I −
(
ST)+ (ST))y

Where:
(
ST)+ is the Pseudo-inverse of S transpose,

I is Identity matrix while y is an arbitrary vector.

(3.2)

It should be noted however that whenever the mechanism is having the actuation redun-

dancy, the τc is not going to stay unique anymore. In this case any choice in optimization

techniques can be followed.

3.5 Proof of the Hypotheses

Because there are two separate hypotheses in this thesis, there is a need of two separate

proofs for them. The proofs for first and second hypothesis is discussed in the following

subsections.

3.5.1 First Hypothesis Proof

The proof of the first hypothesis requires the experimental validation. As a result, the

correct design of experimentations plays a vital role in the proof of first hypothesis. The
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design of validating experimentations is presented in later sections of this chapter however

the results of these experimentations is presented in chapter four. It should be noted how-

ever that for the experimentation, there is a need of a snake-like robot (with at least eight

modules) that can undergo both the rectilinear and wheeling gaits of locomotion. Similar to

the design of experimentations, the design of a snake-like robot plays a vital role in correct

determination of first hypothesis proof. The explanation for design of such a snake-like

robot is presented in later sections of this chapter.

3.5.2 Second Hypothesis Proof

The second hypothesis is based on introduction of a new formulation. As a result, the math-

ematical proof of the formulation is going to be provided in this subsection first. Then for

the ease of the reader, some simple know-how procedure for finding the solution is intro-

duced. Afterwards, for familiarizing the reader further with the formulation, one example

is solved (as a case study) in this subsection. At the end, the formulation is going to be

validated through validation experiments. The deign of experimental validations and the

design of associated robots is going to be explained in later parts of this chapter, however

the results of these experimentations is present in chapter number four.

The following proof is based on the defined four step procedures (steps a, b, c, and d)

of chapter two (section 2.1.5.1) that explains the conversion of the closed loop(s) to open

loop(s). However, before starting the proof, different possible controllable closed loop

combinations (controllable closed loops under any type of passive, and/or active joints) are

presented as follows:

1. The closed loop that does not have any actuation redundancy. In this case, the closed

loop mechanism consists of passive joints [qu] and independent active joints [qin]

only.

2. The closed loop that contains actuation redundancy can have the following two com-

binational possibilities:

2.1 The closed loop just contains active joints and there is no any passive joint. By

putting it differently, the closed loop is made of [qr], and [qin] while the [qu] = [ ].
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2.2 The closed loop that contains at least one redundant, independent, and passive

joint. In other words, the closed loop that has at least one joint type among the

cited three types of joints (which are [qr], [qin], and [qu]).

Proof:

1. The step a (first step) shall be carried out based on the criteria in section (2.1.5.1).

2. The step b (second step) is formulated based on the following procedure: The q (the

open loop tree structure joint angles) can be equated to the following equation:

q =


qin

qr

qu

 (3.3)

Whenever a joint type is missing in the q matrix (3.3), lay an empty matrix [ ] in its

imagined position in instantaneous coefficient matrices of equation (3.1). By using

equation (3.3) the virtual displacement of q can be computed as:

δq =


I

δqr
δqin
δqu
δqin

δqin (3.4)

Since passive and redundant joint(s) can be defined w.r.t the independent joints, the

following equations can be obtained:

qr = qr (qin) (3.5)

qu = qu (qin) (3.6)

By differentiating equations (3.5) and (3.6) the following equations generats:

δqr =
∂qr

∂qin
δqin (3.7)
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δqu =
∂qu

∂qin
δqin (3.8)

By placing equations (3.7) and (3.8) into equation (3.4), the following equation pro-

duces:

δq =


I

∂qr
∂qin
∂qu
∂qin

δqin (3.9)

The first element on the right side of the equation (3.9) is called instantaneous coef-

ficient matrix or W , so W defines the following matrix:

W =


I

∂qr
∂qin
∂qu
∂qin

 (3.10)

In the same way the qa (active joint(s)) can be parameterized as follows,

δqa =

 I
∂qr
∂qin

δqin (3.11)

The first element on the right side of the equation (3.11) is defined as matrix S (in-

stantaneous coefficient matrix), accordingly:

S =

 I
∂qr
∂qin

 (3.12)

3. In step c (third step) the inverse dynamics of acquired tree structure (spanning or

kinematic tree) shall be found from the original motion of the closed loop. Since

here the general formulation is addressed, the general Euler-Lagrange formula (not

specific solution) for open loop is used. It is then equated to closed loop as follows:

The Lagrangian of the open loop structure and its peer closed loop is defined ac-

cordingly. The closed loop is the function of actuated joint(s). In other words, it is
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the function of independent and redundant actuated joint(s) (in case of availability).

Therefore, the following equation generates for closed loop:

Lc = Lc (qin,qr, q̇in, q̇r) (3.13)

The tree structure derived from the closed loop, is the function of actuated as well

as passive joint(s) (because the passive joints are considered virtually active). In

other words, the tree structure is the function of independent, redundant, and passive

actuated joint(s) (in case of availability). For analogous open loop the following

equation is obtained:

Lo = Lo (qin,qr,qu, q̇in, q̇r, q̇u) (3.14)

Since the redundant and passive joint(s) can be written as a function of active joints,

the equation (3.13) and (3.14) can be written as the following equations:

Lc = Lc

(
qin,qr (qin) , q̇in,

∂qr

∂qin
q̇in

)
(3.15)

Lo = Lo

(
qin,qr (qin) ,qu (qin) , q̇in,

∂qr

∂qin
q̇in,

∂qu

∂qin
q̇in

)
(3.16)

Since firstly the same force is applied by actuated joints in open or closed loop sys-

tem, and secondly because the motion of the spanning tree should be similar to the

motion of the original closed loop, and thirdly due to the principle of conservation

of energy, the Lagrangian of open loop shall be equal to the Lagrangian of closed

loop (Lagrangian is the negation of potential energy from the kinetic energy of the

system), in other words:

Lo = Lc (3.17)

The dynamics of the tree structure (open loop) that follows exactly the same motion

as the closed loop mechanism is calculated based on the Euler-Lagrange formulation

as follows:
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d
dt

(
∂Lo

∂ q̇

)
− ∂Lo

∂q
= τ

T
t (3.18)

4. The step d (forth step) generates the inverse dynamics of closed loop from the in-

verse dynamics of open loop from the obtained constraints of step b. The following

equation is obtained by employing D’Alembert’s principle and associating δq dis-

placement: (
d
dt

(
∂Lo

∂ q̇

)
− ∂Lo

δq

)
δq− τ

T
t δq = 0 (3.19)

By placing Wδqin instead of δq from equations (3.9) and (3.10) into equation (3.19)

the following equation is generated:

(
d
dt

(
∂Lo

∂ q̇

)
− ∂Lo

∂q

)
Wδqin − τ

T
t Wδqin = 0 (3.20)

First element of the first term of equation (3.20) can be calculated from the value of

matrix W from equation (3.10) as:

d
dt

(
∂Lo

∂ q̇

)
W =

d
dt

(
∂Lo

∂ q̇in

)
+

d
dt

(
∂Lo

∂ q̇r

)
∂qr

∂qin
+

d
dt

(
∂Lo

∂ q̇u

)
∂qu

∂qin
(3.21)

At the same time, for Lagrangian of closed loop, the following equation can be writ-

ten from the value of matrix S from equation (3.12):

d
dt

(
∂Lc

∂ q̇

)
S =

d
dt

(
∂Lc

∂ q̇in

)
+

d
dt

(
∂Lc

∂ q̇r

)
∂qr

∂qin
(3.22)

Second element of the first term of equation (3.20) can be calculated in a similar

manner as:

∂Lo

∂q
W =

∂Lo

∂qin
+

∂Lo

∂qr

∂qr

∂qin
+

∂Lo

∂qu

∂qu

∂qin
(3.23)

Meanwhile, for Lagrangian of closed loop, the following equation can be written:

∂Lc

∂q
S =

∂Lc

∂qin
+

∂Lc

∂qr

∂qr

∂qin
(3.24)
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The following equalities can be induced from the definition of matrix W (equation

(3.10)) and the fact that qin and q̇in are independent from each other:

∂qin

∂ q̇in
= 0 ,

∂ q̇in

∂qin
= 0 ,

∂qr

∂ q̇in
= 0 ,

∂qu

∂ q̇in
= 0 (3.25)

By utilizing equations (3.17), (3.15), and (3.16), the following equation can be for-

mulated:

d
dt

(
∂Lc

∂ q̇in
+

∂Lc

∂ q̇r

∂ q̇r

∂ q̇in

)
=

d
dt

(
∂Lo

∂ q̇in
+

∂Lo

∂ q̇r

∂ q̇r

∂ q̇in
+

∂Lo

∂ q̇u

∂ q̇u

∂ q̇in

) (3.26)

By applying differentiation to equation (3.26), the following equation is obtained:

d
dt

(
∂Lc

∂ q̇in

)
+

d
dt

(
∂Lc

∂ q̇r

)(
∂ q̇r

∂ q̇in

)
+(

∂Lc

∂ q̇r

)
d
dt

(
∂ q̇r

∂ q̇in

)
=

d
dt

(
∂Lo

∂ q̇in

)
+

d
dt

(
∂Lo

∂ q̇r

)(
∂ q̇r

∂ q̇in

)
+

(
∂Lo

∂ q̇r

)
d
dt

(
∂ q̇r

∂ q̇in

)
+

d
dt

(
∂Lo

∂ q̇u

)(
∂ q̇u

∂ q̇in

)
+

(
∂Lo

∂ q̇u

)
d
dt

(
∂ q̇u

∂ q̇in

)
(3.27)

By placing the elements of equation (3.21) instead of some elements on the right side

of equation (3.27), the following equation is produced:

d
dt

(
∂Lc

∂ q̇in

)
+

d
dt

(
∂Lc

∂ q̇r

)(
∂ q̇r

∂ q̇in

)
+

(
∂Lc

∂ q̇r

)
d
dt

(
∂ q̇r

∂ q̇in

)
=

d
dt

(
∂Lo

∂ q̇

)
W +

(
∂Lo

∂ q̇r

)
d
dt

(
∂ q̇r

∂ q̇in

)
+

(
∂Lo

∂ q̇u

)
d
dt

(
∂ q̇u

∂ q̇in

) (3.28)

By placing the equation (3.22) instead of some elements on the left side of equation

(3.28), the following equation is acquired:
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d
dt

(
∂Lc

∂ q̇

)
S+
(

∂Lc

∂ q̇r

)
d
dt

(
∂ q̇r

∂ q̇in

)
=

d
dt

(
∂Lo

∂ q̇

)
W +

(
∂Lo

∂ q̇r

)
d
dt

(
∂ q̇r

∂ q̇in

)
+

(
∂Lo

∂ q̇u

)
d
dt

(
∂ q̇u

∂ q̇in

) (3.29)

The following equation is obtained by implementing equations (3.17), (3.15), and

(3.16):

(
∂Lc

∂qin

)
+

(
∂Lc

∂qr

)(
∂qr

∂qin

)
+

(
∂Lc

∂ q̇r

)(
∂ q̇r

∂qin

)
=(

∂Lo

∂qin

)
+

(
∂Lo

∂qr

)(
∂qr

∂qin

)
+(

∂Lo

∂qu

)(
∂qu

∂qin

)
+

(
∂Lo

∂ q̇r

)(
∂ q̇r

∂qin

)
+

(
∂Lo

∂ q̇u

)(
∂ q̇u

∂qin

) (3.30)

By implementing the same procedure and using equations (3.23) and (3.24) on the

right and the left sides of equation (3.30), the following equation can be formulated:

(
∂Lc

∂q

)
S+
(

∂Lc

∂ q̇r

)(
∂ q̇r

∂qin

)
=

(
∂Lo

∂q

)
W+(

∂Lo

∂ q̇r

)(
∂ q̇r

∂qin

)
+

(
∂Lo

∂ q̇u

)(
∂ q̇u

∂qin

) (3.31)

The following equations can be easily proved according to the same way the Naka-

mura and Qhodoussi [17] proves:

(
∂ q̇r

∂ q̇in

)
=

(
∂qr

∂qin

) (
∂ q̇u

∂ q̇in

)
=

(
∂qu

∂qin

)
(3.32)

The following equation is acquired by repositioning the elements of equation (3.29)

and using equation (3.32) :

d
dt

(
∂Lo

∂ q̇

)
W =

d
dt

(
∂Lc

∂ q̇

)
S+
(

∂Lc

∂ q̇r

)
d
dt

(
∂qr

∂qin

)
−(

∂Lo

∂ q̇r

)
d
dt

(
∂qr

∂qin

)
−
(

∂Lo

∂ q̇u

)
d
dt

(
∂qu

∂qin

) (3.33)

By repositioning the elements of equation (3.31), the following equation is realized:
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(
∂Lo

∂q

)
W =

(
∂Lc

∂q

)
S+
(

∂Lc

∂ q̇r

)(
∂ q̇r

∂qin

)
−(

∂Lo

∂ q̇r

)(
∂ q̇r

∂qin

)
−
(

∂Lo

∂ q̇u

)(
∂ q̇u

∂qin

) (3.34)

If the right side elements of equations (3.33) and (3.34) are compared, the second

elements on the right sides become exactly similar, as a result, the following equation

is obtained from them:

(
d
dt

(
∂Lo

∂ q̇

)
W −

(
∂Lo

∂q

)
W
)
=

(
d
dt

(
∂Lc

∂ q̇

)
S−
(

∂Lc

∂q

)
S
)

(3.35)

The following equation is acquired by utilizing the equality of equation (3.35) and

positioning it in equation (3.20):

(
d
dt

(
∂Lc

∂ q̇

)
S−
(

∂Lc

∂q

)
S
)

δqin − τ
T
t Wδqin = 0 (3.36)

The ensuing equation is already known to be valid for the counterpart closed loop:

d
dt

(
∂Lc

∂ q̇

)
−
(

∂Lc

∂q

)
= τ

T
c (3.37)

By placing the equation (3.37) into equation (3.36), the following equation is ob-

tained:

τ
T
c Sδqin = τ

T
t Wδqin (3.38)

The δqin can be eliminated on both sides of equation (3.38) (because it is an inde-

pendent quantity). As a result, the following equation is acquired:

τ
T
c S = τ

T
t W (3.39)

Although equation (3.39) is similar in appearance to equation (2.26) (and generate the

same answer for given redundant cases) however, W and S matrixes are different in these
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two equations, in addition the way these two equations were derived are also different from

each other. Moreover, in the author’s formulation the matrix S is also defined for non-

redundant cases while matrix S is not defined for non-redundant cases in the method of Hui

et al. [7]. If the general inverse formulation is applied on equation (3.39), the transpose is

applied on both sides, and the matrix S is brought on the left side of the equation (3.39) the

ensuing equation is obtained:

τc =
(
ST)+W T

τt +
(

I −
(
ST)+ (ST))y (3.40)

It can be inferred from analyzing the equation (3.40) and equation (3.2) that the sec-

ond hypothesis is mathematically proved. Because not only the obtained equation (3.40)

becomes equal to equation (3.2) but at the same time the proof automatically follows both

link and joint cutting. The automatic follow up is because of the fact that firstly the proof

follows the four step procedure (that was defined in chapter two) and the four step pro-

cedure includes both types of joint and link cutting. Secondly the proof was based on

a definition of instantaneous coefficient matrices W and S that includes any controllable

actuation scenarios. In other words, the matrices W , S, and the calculation procedure is

designed in such a way that any controllable combination of independent, redundant, and

passive joints is already included in them. Equation (3.40) seems to be similar with equa-

tion (2.27) and generates the same answer, however they have different S and W matrixes,

and are proven differently.

3.5.2.1 A Simplified Step-by-step Procedure

The equation (3.2) and majority of the available formulations are defined in such a way that

they keep their maximum generality for solving different problems. As a result, there are

mainly multiple ways to solve any given problem from the available formulations. It has

been observed in several of the past inverse dynamics formulation of parallel robots that

their creators used a specific procedure for solving different problems. But in almost all of

them, the authors did not explicitly mention the procedure that they followed. The choice of

procedures can be based on several factors and is different from the author to author. In this
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subsection, a simple know-how procedure is explicitly defined. This procedure is formed

from the original formulation and is based on simplicity of solution and convenience of the

author in solving different problems. By introduction of such a simple step-by-step know-

how procedure, the ones who do not have adequate robotics knowledge (to utilize the main

formulation) can find the solution. The simplified step-by-step procedure is described as

follows:

1. Distinguish the mechanism, and the mechanism’s base.

2. Obtain the spanning tree by virtually cutting the chosen closed loop at a selected link.

∙ It is arbitrary to choose any link, however the best choice is to select a link that

constitutes a less complicated problem.

∙ Multiple cuttings shall be ensued if multiple closed loops are present in the

mechanism.

∙ The choice of joint cutting is omitted here, because firstly it is an inferior

method from accuracy point of view and secondly the joint cutting is useless

when the mechanism is fully actuated.

3. Generate frame assignments according to Denavit Hartenberg convention [150] for

the spanning tree.

4. Assign the DH table and parameters.

5. Identify joints as passive qu (a.k.a. un-actuated) or actuated qa. Classify the actuated

joints to redundant joints (a.k.a. dependent joints) qr and independent joints qin.

6. Through constraint implementation, the independent joints shall represent the de-

pendent and un-actuated joints (if the mentioned joint types exist such representation

exist too). For non-redundant or redundant cases, qu and qin have a unique relation

in which qu = qu(qin). Meanwhile, for redundant case qin and qr have got a unique

relation in which qr = qr(qin).
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7. Calculate the jacobian ratio matrices of dependent & passive joints w.r.t. independent

joints (if they were available) from step number 6 (Jacobian ratios are computed by

division of ∂qr, & ∂qu by ∂qin).

8. Define the instantaneous coefficient matrices of S and W as follows:

S =

 I
∂qr
∂qin

 ,W =


I

∂qr
∂qin
∂qu
∂qin

 (3.41)

It should be noted here that if either redundant or passive joints are not present in the

mechanism, the empty matrix shall replace their jacobian ratios.

9. Spanning tree inverse dynamics of entire branches shall be calculated from the orig-

inal closed loop motion (in other words, the joint torques of the obtained open loop

structure, composed of branches, shall be computed based on the original motion).

According to the following equation the inverse dynamics of spanning tree is calcu-

lated (for i = 1 to the number of generalized coordinates):

τt j =


τ1
...

τi

 (3.42)

where

τi = Biq̈i +Ci (qi, q̇i) q̇i +Giqi [131] (3.43)

Where j exhibits the number of existing open loop branches, qi is generalized coor-

dinate i of mechanism’s open loop, and τt j demonstrates the corresponding torque.

10. Add or subtract different frictional force(s), exerted externally or employed internally

to the moment(s)/force(s) (which are transformed to generalized force space), to the

corresponding branch equations (which is formed based on (3.43)). According to the

way the energy of the system changes from exerted or employed moment(s)/force(s),

the negation or addition takes place. The force of gravity can be placed directly in
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the equation of motion (equation (3.43)) or it can be treated as an external force.

τt j =


τ1
...

τi

 τt =


τt1
...

τt j

 (3.44)

τi = Biq̈i +Ci (qi, q̇i) q̇i +Giqi ± J(qi)
T + he + f f riction[131] [18] (3.45)

From the standpoint of moment or force application, the J(qi) is the manipulator’s

geometric jacobian, he is the externally employed moment(s)/force(s) (in other words

they are the applied moment(s) or force(s) on the environment), and f f riction corre-

sponds to the forces of friction (the frictional forces can be coulomb or viscous fric-

tion [131], to name a few). If any one of the above mentioned moment(s)/force(s) are

not exerted or employed, their corresponding value should be equated by emplace-

ment of empty matrix.

11. The closed loop’s inverse dynamics is calculated by integrating the dynamic equa-

tions of branches and the applied external forces. Meanwhile, replace
(

I −
(
ST)+ (ST))

matrix with independent column vector Λ as follows:

τc =
(
ST)+W T

τt +Λy (3.46)

12. Lastly, if there is any dependent actuated joints in the mechanism, the optimization

techniques can be employed for the peculiar application (with the aid of y).

3.5.2.2 Example

For further familiarity to the second hypothesis and the proposed step-by-step equation,

one example is solved in this subsection. The example is derived from the parameters of a

built snake-like climber robot named “Marak II", and the parameters of a designed snake-

like climber robot named “Marak III" [3]. For readers’ convenience, the example that is

introduced here is designed to stay as easy as possible. “Marak II" or “Marak III" have
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Figure 3-1: Four bar mechanism

multiple DOF, as a result, their inverse dynamics equation may get excessively large for a

simple example or case study. Hence, to have a simple example, “Marak II" and “Marak

III" (that could undergo different actuation scenarios) are simplified in such a way that they

compose a single DOF four bar mechanism. The simplification method is similar to the

procedure followed by Sastra et al. [152] . In this procedure, some parts of the robot under

wheeling gait are going to be locked in such a way that few units constitute a single link

(the locking is considered to stay firm). Figure 3-1 depicts the four bar mechanism that

emerges from simplification of “Marak II" and “Marak III" .

Consider figure 3-1 with a single actuated joint placed at joint 1 plus three passive

joints situated at joints 2, 3, and 4. To solve the inverse dynamics of this mechanism, the

step by step simplified solution is followed accordingly:

1. With the given joint actuation data and by looking at the figure 3-1, the mechanism

and its base is recognized.

2. According to figure 3-1, there is just one closed loop. For obtaining simplest sets

of equations, it is best to cut the link number 2. However, the cutting may be based

according to intended application. For example, here for the intended climbing ap-

plication, the link number 3 is selected for cutting. As a result, link number 3 is

virtually cut at the middle and generates link 3′ & link 2”.

3. Frame assignment for the entire spanning tree is made based on Siciliano’s work
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link ai αi di θi
1′ a1′ 0 0 θ1′

2′ a2′ 0 0 θ2′

3′ a3′ 0 0 θ2′

1′ a1′ 0 0 0

Table 3.1: DH table corresponding to the four bar mechanism example

[131] (similar to original convention of Denavit et al. [150]) as shown in figure 3-1.

4. DH table and parameters are assigned according to table 3.1.

5. As assumed earlier, joint one is actuated and joints 2, 3, and 4 are un-actuated/passive.

There is no any redundant joint in the mechanism so, it’s corresponding matrix is

equated to an empty matrix accordingly :

qa = qin =
[

θ1′

]
qu =


θ2′

θ3′

θ2′′

 qr = [] (3.47)

6. By implementing constraints, un-actuated and dependent joints are represented by

the independent joints while redundant joint stays empty as following equations

demonstrate:

q2 = θ2′ = 2π −θ1′ q3 = θ3′ = θ1′ +π q4 = θ2′′ = θ1′ qr = [] (3.48)

7. Jacobian ratio matrices of passive joints w.r.t independent joints are calculated from

step number 6. Because of unavailability of the redundant joints, the Jacobian ratio

matrix of dependent actuated joint w.r.t independent joint would is equal to an empty

matrix accordingly:

∂qu

∂qin
=


−1

1

1

 ∂qr

∂qin
= [] (3.49)
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8. The instantaneous coefficient matrices of W and S is calculated as follows (while the

empty matrix is placed for unavailability of redundant joints in both matrices):

W =



I

[ ]

−1

1

1


,S =

 I

[ ]

 (3.50)

9. Spanning tree inverse dynamics of two branches is calculated according to the fol-

lowing formula ( note: in the following equations qi is the joint space of open loop

for i = 1 to the number of generalized coordinates):

τt =


τ1′

τ2′

τ3′

τ2′′

 (3.51)

where,

τ2′′ =
(
Im2′′ Kr2′′

2 +ML2′′ L2′′
2 + IL2′′

) ¨θ2′′ +gL2′′ ML2′′ cos(β +θ2′′) (3.52)

τ1′ = θ̈1′ B1 + θ̈2′ B2 + θ̈3′ B3 − θ̇1′ C1 − θ̇2′ C2 − θ̇3′ C3+

g (ml1′ G1 +ml2′ G2 +ml3′ G3 +mm2′ G4 +mm3′ G5)
(3.53)

Where, some parameters of the above equation (equation (3.53)) are calculated ac-
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cordingly:

B1 =

(
Il1′ + Il2′ + Il3′ + Im2′ + Im3′ + Im1′ kr1′

2 +a1′
2 ml2′+

a1′
2 ml3′ +a2′

2 ml3′ +a1′
2 mm2′ +a1′

2 mm3′ +a2′
2 mm3′+

l1′
2 ml1′ + l2′

2 ml2′ + l3′
2 ml3′ −a1′

2 ml2′ cos(2θ1′)+

2a1′ l3′ ml3′ cos(θ2′ +θ3′)+2a1′ a2′ ml3′ cos(θ2′)+

2a1′ a2′ mm3′ cos(θ2′)+a1′ l2′ ml2′ cos(θ2′)+

2a2′ l3′ ml3′ cos(θ3′)−a1′ l2′ ml2′ sin(θ2′)−

a1′ l2′ ml2′ cos(2θ1′ +θ2′)+a1′ l2′ ml2′ sin(2θ1′ +θ2′)

)

(3.54)

B2 =

(
Il2′ + Il3′ + Im3′ + Im2′ kr2′ +

a1′
2 ml2′

2
+a2′

2 ml3′+

a2′
2 mm3′ + l2′

2 ml2′ + l3′
2 ml3′ −

a1′
2 ml2′ cos(2θ1′)

2
+

a1′ l3′ ml3′ cos(θ2′ +θ3′)+a1 pa2′ ml3′ cos(θ2′)+

a1′ a2′ mm3′ cos(θ2′)+
a1′ l2′ ml2′ cos(θ2′)

2
+

2a2′ l3′ ml3′ cos(θ3′)−a1′ l2′ ml2′ sin(θ2′)−

a1′ l2′ ml2′ cos(2θ1′ +θ2′)

2
+a1′ l2′ ml2′ sin(2θ1′ +θ2′)

)
(3.55)

B3 =

(
Il3′ + Im3′ kr3′ + l3′

2 ml3′+

a1′ l3′ ml3′ cos(θ2′ +θ3′)+a2′ l3′ ml3′ cos(θ3′)

) (3.56)
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C1 =

(
a1′ θ̇2′ (l2′ ml2′ cos(θ2′)+2a2′ ml3′ sin(θ2′))

2
+

(2a2′ mm3′ sin(θ2′)+ l2′ ml2′ sin(θ2′)− l2′ ml2′ cos(2θ1′ +θ2′))

2
−

(l2′ ml2′ sin(2θ1′ +θ2′)+2 l3′ ml3′ sin(θ2′ +θ3′))

2
+

θ̇3′ l3′ ml3′ (a1′ sin(θ2′ +θ3′)+a2′ sin(θ3′))−

a1′ θ̇1′ ml2′ (a1′ sin(2θ1′)+ l2′ cos(2θ1′ +θ2′)+ l2′ sin(2θ1′ +θ2′))

)
(3.57)

C2 =

(
a1′ θ̇1′

(
l2′ ml2′ cos(θ2′)+2a2′ ml3′ sin(θ2′)+2a2′ mm3′ sin(θ2′)+

2

l2′ ml2′ sin(θ2′)− l2′ ml2′ cos(2θ1′ +θ2′)− l2′ ml2′ sin(2θ1′ +θ2′)

2
+

2 l3′ ml3′ sin(θ2′ +θ3′)
)

2
+

a1′ θ̇2′
(

2 l2′ ml2′ cos(θ2′)+2a2′ ml3′ sin(θ2′)+

2
2a2′ mm3′ sin(θ2′)+ l2′ ml2′ sin(θ2′)−

2
l2′ ml2′ sin(2θ1′ +θ2′)+a1′ ml2′ sin(2θ1′)+2 l3′ ml3′ sin(θ2′ +θ3′)

)
2

+

θ̇3′ l3′ ml3′ (a1′ sin(θ2′ +θ3′)+a2′ sin(θ3′))

)

(3.58)

C3 = l3′ ml3′ (a1′ sin(θ2′ +θ3′)+a2′ sin(θ3′))
(
θ̇1′ + θ̇2′ + θ̇3′

)
(3.59)

G1 = l1′ cos(β +θ1′) (3.60)
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G2 =
(

cos(β ) (l2′ cos(θ1′ +θ2′)+a1′ sin(θ1′))−

sin(β ) (l2′ sin(θ1′ +θ2′)+a1′ sin(θ1′))
) (3.61)

G3 =
(

l3′ cos(β +θ1′ +θ2′ +θ3′)+

a1′ cos(β +θ1′)+a2′ cos(beta+θ1′ +θ2′)
) (3.62)

G4 = a1′ cos(β +θ1′) (3.63)

G5 = (a1′ cos(β +θ1′)+a2′ cos(β +θ1′ +θ2′)) (3.64)

For τ2′ the following equations are generated:

τ2′ = θ̈1′ B4 + θ̈2′ B5 + θ̈3′ B6 + θ̇1′ C4 − θ̇2′ C5 − θ̇3′ C6+

g (ml2′ G6 +ml3′ G7 +mm3′ G8)
(3.65)

B4 =

(
Il2′ + Il3′ + Im3′ + Im2′ kr2′ +

a1′
2 ml2′

2
+a2′

2 ml3′+

a2′
2 mm3′ + l2′

2 ml2′ + l3′
2 ml3′ −

a1′
2 ml2′ cos(2θ1′)

2
+

a1′ l3′ ml3′ cos(θ2′ +θ3′)+a1′ a2′ ml3′ cos(θ2′)+

a1′ a2′ mm3′ cos(θ2′)+
a1′ l2′ ml2′ cos(θ2′)

2
+

2a2′ l3′ ml3′ cos(θ3′)−a1′ l2′ ml2′ sin(θ2′)−

a1′ l2′ ml2′ cos(2θ1′ +θ2′)

2
+a1′ l2′ ml2′ sin(2θ1′ +θ2′)

)
(3.66)
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B5 =

(
Il2′ + Il3′ + Im3′ + Im2′ kr2′

2 +
a1′

2 ml2′

2
+a2′

2 ml3′+

a2′
2 mm3′ + l2′

2 ml2′ + l3′
2 ml3′ −

a1′
2 ml2′ cos(2θ1′)

2
+

2a2′ l3′ ml3′ cos(θ3′)−a1′ l2′ ml2′ sin(θ2′)+a1′ l2′ ml2′ sin(2θ1′ +θ2′)

) (3.67)

B6 =
(
ml3′ l3′

2 +a2′ ml3′ cos(θ3′) l3′ + Il3′ + Im3′ kr3′
)

(3.68)

C4 =

(
a1′

2
θ̇1′ ml2′ sin(2θ1′)+

a1′
2 θ̇2′ ml2′ sin(2θ1′)

2
+

3a1′ θ̇1′ l2′ ml2′ cos(2θ1′ +θ2′)

2
+

a1′ θ̇2′ l2′ ml2′ cos(2θ1′ +θ2′)+

a1′ θ̇1′ l2′ ml2′ sin(2θ1′ +θ2′)

2
+

a1′ θ̇1′ l3′ ml3′ sin(θ2′ +θ3′)+

a1′ θ̇1′ l2′ ml2′ cos(θ2′)

2
+a1′ a2′ θ̇1′ ml3′ sin(θ2′)+

a1′ a2′ θ̇1′ mm3′ sin(θ2′)+
a1′ θ̇1′ l2′ ml2′ sin(θ2′)

2
−

a2′ θ̇3′ l3′ ml3′ sin(θ3′)

)

(3.69)
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C5 =

(
θ̇2′

(
a1′ l2′ ml2′ cos(θ2′)

2
− a1′ l2′ ml2′ cos(2θ1′ +θ2′)

2

)
−

θ̇1′

(
ml2′ sin(2θ1′) a1′

2

2
+ l2′ ml2′ cos(2θ1′ +θ2′) a1′

)
+

a2′ θ̇3′ l3′ ml3′ sin(θ3′)

) (3.70)

C6 =−a2′ l3′ ml3′ sin(θ3′)
(
θ̇1′ + θ̇2′ + θ̇3′

)
(3.71)

G6 =

(
a1′ sin(β +θ1′)

2
− a1′ sin(β −θ1′)

2

+ l2′ cos(β +θ1′ +θ2′)

) (3.72)

G7 = (l3′ cos(β +θ1′ +θ2′ +θ3′)+a2′ cos(β +θ1′ +θ2′)) (3.73)

G8 = a2′ cos(β +θ1′ +θ2′) (3.74)

The equations of τ3′ is generated as follows:

τ3′ = θ̈1′ B7 + θ̈2′ B8 + θ̈3′ B9 + θ̇1′ C7 + θ̇2′ C8 +g (ml3′ G9) (3.75)
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B7 =

(
Il3′ + Im3′ kr3′ + l3′

2 ml3′+

a1′ l3′ ml3′ cos(θ2′ +θ3′)+a2′ l3′ ml3′ cos(θ3′)

) (3.76)

B8 =
(
ml3′ l3′

2 +a2′ ml3′ cos(θ3′) l3′ + Il3′ + Im3′ kr3′
)

(3.77)

B9 =
(
Im3′ kr3′

2 +ml3′ l3′
2 + Il3′

)
(3.78)

C7 =

(
θ̇1′

(
a1′ l3′ ml3′ sin(θ2′ +θ3′)+

a2′ l3′ ml3′ sin(θ3′)

)
+a2′ θ̇2′ l3′ ml3′ sin(θ3′)

) (3.79)

C8 =+a2′ l3′ ml3′ sin(θ3′)
(
θ̇1′ + θ̇2′

)
(3.80)

G9 =+gl3′ cos(β +θ1′ +θ2′ +θ3′) (3.81)

10. Since it is assumed to have no any applied nor any exerted forces on the mechanism

and because the induced friction forces are ignored, the empty matrices will be placed

in their position. In other words, τi in equation (3.45) becomes exactly similar to

equation (3.43) which was calculated in the previous step.
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11. By placing the values of matrices S, W , and τt (from equations (3.50), and (3.51))

and placing them in equation (3.46) the following equation is obtained:

τc =
[

1
]+

×
[

1 −1 1 1
]


τ1′

τ2′

τ3′

τ2′′

= (τ1′ − τ2′ + τ3′ + τ2′′) (3.82)

Note:
(

I −
(
ST)+ (ST)= 0

)
.

Finally, by considering the constraints and placing the θ1′ instead of the rest of the

joint angles in the corresponding equations of τ1′ , τ2′ , τ3′ , and τ2′′ , a simplified solu-

tion is achieved accordingly.

τc = (Il1′ + Il − Il2′′3′ + Im2′) θ̈1′

−2 Im2′ θ̈1′ kr2′ + Im1′ θ̈1′ kr1′
2 + Im2′ θ̈1′ kr2′

2+

Im3′ θ̈1′ kr3′
2 − Im2′′ ¨θ1′′ kr2′′

2 +
a1′

2 θ̈1′ ml2′

2
+

a1′
2

θ̈1′ ml3′ +a1′
2

θ̈1′ mm2′ +a1′
2

θ̈1′ mm3′+

θ̈1′ l1′
2 ml1′ + θ̈1′ l3′

2 ml3′ − ¨θ1′′ l2′′
2 ml2′′+

gl3′ ml3′ cos(β +θ1′ +π)− a1′
2 θ̈1′ ml2′ cos(2θ1′)

2
+

a1′ gml2′ cos(β +θ1′)

2
+a1′ gml3′ cos(β +θ1′)+a1′ gmm2′ cos(β +θ1′)+

a1′ gmm3′ cos(β +θ1′)+gl1′ ml1′ cos(β +θ1′)+

gl2′′ ml2′′ cos(β −θ1′′)−
a1′ gml2′ cos(β −θ1′)

2
+

a1′
2 θ̇1′

2 ml2′ sin(2θ1′)

2
−2a1′ θ̈1′ l3′ ml3′

(3.83)
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3.6 Design of Experiments

The goal in experimentation design section is to validate the mentioned hypotheses of this

thesis. Since there are two separate hypothesis in this thesis, the experimentation design

is also divided into two distinguished sections. The first subsection deals with the ex-

perimentation design of the first hypothesis while the second subsection deals with the

experimentation design of the second hypothesis. In both subsections, for accurate valida-

tion, the experimentations are proposed to be repeated at least three times under the same

conditions.

3.6.1 Design of Experiments Related to the First Hypothesis

For proving the first hypothesis, the climbing speed of the wheeling gait shall be compared

to the climbing speed of the rectilinear gait. To achieve this goal, a robot has to be designed

that can handle both of these gaits of locomotion during climbing (the explanation of the

way through which the robot is designed is available in design of apparatus section). Then,

the robot shall be placed on a locomotion terrain. Since the snake-like climber robots are

made to help humans, thereby they are generally subjected to man-made structures. Man-

made structures are generally made of wood, concrete, steel, and glass. As it is discussed

in the assumption section, the terrain of locomotion is made of wood. Because, the robot

shall be subjected to vertical or near vertical surfaces, the test terrain(s) shall have angular

domain of ninety degrees w.r.t. ground (±90 degrees). In other words, the test terrain(s)

should be able to cover from 0 to 180 degrees (w.r.t. ground), so that any vertical or near

vertical proposed angle can be covered. For building such a terrain of locomotion, either

several test beds or a single swivel test bed is needed to be build (that can go from 0 to 180

degrees and can accommodate different locomotion terrains). Building a swivel terrain that

can handle all the mentioned angle ranges is proposed here, since it requires less material,

consumes less funds, and takes smaller space than several test beds.

The next problem to address is the path planning. Although, it is possible to design

a path with different types of curves, but such a path requires a more sophisticated robot
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to be build (which is against simplicity approach of this thesis and at the same time is not

feasible due to the tiny allocated budget). Meanwhile, since the comparison of gait speed is

generally based on the straight distance from one point to the other point, thereby the strait

path is proposed to be the selected experimentation path. The trajectory is proposed to be

of trapezoidal velocity type. The trapezoidal velocity profile is selected in this application

because it is amongst the simplest trajectory types, is quite fast to reach the goal, and can

be implemented easily with low budget equipment.

The next important factor in experimentation is the gait design. The gait design is based

on the selection of locomotion gait which was discussed in gait selection section (3.2.1.1).

As it was mentioned earlier, the chosen locomotion gaits are rectilinear and wheeling gaits.

The rectilinear gait is generated by passing a half wave throughout the body of snake from

tail to head. In this way some parts of the snake’s body are raised and some other parts

are lowered down for locomotion. Although, it is possible to pass multiple half waves

through the body of snake-like robots, however the passage of a single half wave similar

to the works of Merino et al. [153] is proposed here. The passage of additional half

waves for a climber robot, increases the complexity of locomotion and is against simplicity

approach (followed in this thesis). At the same time, the single half wave is carried out

more frequently in nature than multiple half waves.

The gaits of locomotion in snake-like robots can be made of several gait sequences or

gait steps. If the gait steps and the angle of each joint is recorded in a table for gait control,

a Gait Control Table (GCT) is produced. The GCT in this work is proposed to be made

of angle of joints (in degrees) as rows and gait steps as columns (similar to the way the

Yim [15] defined the GCT for the first time). However, instead of starting the motion in the

prior segment and then going to the next segment one by one in a row (as Yim proposes),

the simultaneous motion is chosen because the simultaneous motion of active joints ends

up in a faster locomotion. For experimentation, the maximum achievable angle of each

joint in rectilinear GCT is placed at ±35∘ since, as it will be explained in the design of

apparatus section, the modules of the robot made from available servos will collide with

each other beyond this angle. The proposed GCT of the rectilinear gait is depicted in

table 3.2. It should be noted that, the clockwise rotation is depicted by plus sign and
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Table 3.2: Rectilinear GCT table (based on works of Nezaminia et al. [3])

Step Number Degree of Rotation of Module Number
1 2 3 4 5 6 7 8 9

Zeroth Step 0 0 0 0 0 0 0 0 0
First Step −35 0 0 0 0 0 0 0 0

Second Step +35 +35 0 0 0 0 0 0 0
Third Step +35 −35 −35 0 0 0 0 0 0
Forth Step −35 −35 +35 +35 0 0 0 0 0
Fifth Step 0 +35 +35 −35 −35 0 0 0 0
Sixth Step 0 0 −35 −35 +35 +35 0 0 0

Seventh Step 0 0 0 +35 +35 −35 −35 0 0
Eight Step 0 0 0 0 −35 −35 +35 +35 0
Ninth Step 0 0 0 0 0 +35 +35 −35 −35
Tenth Step 0 0 0 0 0 0 −35 −35 +35

Eleventh Step 0 0 0 0 0 0 0 +35 +35
Twelfth Step 0 0 0 0 0 0 0 0 −35

anticlockwise rotation is shown with minus sign for all the GCTs here after. The module

numbers in rectilinear gait starts from the lowest module and ends at the highest module

for the vertically oriented robot, while it starts from the most right module and ends at the

most left module for horizontally oriented robot that moves from right to left.

Based on the proposed rectilinear GCT, the proposed gait sequences of a rectilinear gait

for locomotion with and without climbing means on horizontal terrain and with climbing

means on vertical or near vertical terrains is demonstrated in figure 3-2. As can be seen

from figure 3-2, the climber robot moves up just one link during each locomotion gait.

The wheeling gait is formed by connecting the head and tail of a string of modules together

to form a loop (similar to wheel) in such a way that four distinct connected sections are

formed. The first section stays on the terrain while the opposite and equal third section

stays away from the ground. The second and fourth sections make up the two remaining

opposite sides of the loop. Figure 3-3 demonstrates the wheeling gait.

As has been mentioned earlier, it is proposed here to simplify the wheeling gait to four

bar mechanism with single DOF (as is done by Sastra et al. [152]) to avoid excessively large

equations associated with such a complicated robot. For simplicity, the number of modules
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Figure 3-2: Rectilinear Gait Demonstration (based on works of Nezaminia et al. [3])

Figure 3-3: Wheeling gait demonstration (based on works of Nezaminia et al. [3])
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Table 3.3: Wheeling GCT table (based on works of Nezaminia et al. [3])

Step Number Degree of Rotation of Module Number
1 2 3 4 5 6 7 8 9 10

First Step +90 −90 0 0 0 −90 +90 0 0 0
Second Step +90 0 0 0 +90 −90 0 0 0 −90
Third Step 0 0 0 −90 +90 0 0 0 +90 −90
Forth Step 0 0 +90 −90 0 0 0 −90 +90 0
Fifth Step 0 −90 +90 0 0 0 +90 −90 0 0
Sixth Step +90 −90 0 0 0 −90 +90 0 0 0

Seventh Step +90 0 0 0 +90 −90 0 0 0 −90
Eight Step 0 0 0 −90 +90 0 0 0 +90 −90
Ninth Step 0 0 +90 −90 0 0 0 −90 +90 0
Tenth Step 0 −90 +90 0 0 0 +90 −90 0 0

Eleventh Step +90 −90 0 0 0 −90 +90 0 0 0

for the wheeling gait is proposed to be as low as possible. The minimum achievable module

number in a snake-like climber robot undergoing wheeling gait with minimum of three

stationary units on the terrain is ten. Three modules are proposed to stay on the vertical

terrain at any given time, because in this way the sleep will reduce substantially for the

intended climber robot. At least one module is required for alteration of locomotion in

section one, two, and four. As a result, the minimum number of module(s) in section one

is four, in section two is one, in section three is four, and in section four is one (which

adds up to ten). Since the number of modules in rectilinear and wheeling gait shall be

equal, (for accurate comparison), thereby number of modules for rectilinear gait is also

proposed to be ten. The module number in wheeling gait on vertical orientation starts from

the lowest attached link to the terrain (as demonstrated by red link in figure 3-3) and ends

up in counterclockwise manner around the loop. For horizontal orientation, the numbering

starts from foremost right module on the terrain for right to left motion and ends through

counter clockwise rotation around the modules on the loop. The vise versa numbering

order is used for left to right locomotion. Similar to the rectilinear gait, the wheeling gait

sequences cover the locomotion with and without climbing means on horizontal surface(s)

and locomotion with actuation mechanism on the vertical or semi vertical terrain(s).
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For establishing accurate results, it is proposed to carry out three experimentations un-

der the same conditions. In each experimentation it is proposed that the robot is placed at

a fixed starting point, then the climbing command shall be issued to the robot and simul-

taneously the time measurement shall start. At the end of three consecutive locomotion

gaits, the robot is stopped and the time is measured. The results of these experimentations

is presented in the next chapter.

3.6.2 Design of Experiments Related to the Second Hypothesis

The second hypothesis was proved mathematically, however for experimental validation it

is proposed to build a test bed to compare the theoretical results of proposed formulation

with the practical results. If the theoretical and practical results fall in an acceptable range

of each other for a given trajectory, the formula can be verified experimentally at that

trajectory.

For performing such a validation, the test bed is proposed to contain a parallel robot

that can handle redundant or non-redundant actuation scenarios. It is proposed here to

select the planar four bar mechanism as the parallel robot test bed because it is the simplest

planar parallel mechanism, contains minimum number of links, has single DOF joints,

and can handle redundant or non-redundant actuation scenarios. The four bar mechanism

is proposed to be in planar quadrilateral linkage form that consist of four revolute joints

(RRRR configuration). The revolute joints are preferred over prismatic joints, because a

simpler mechanism can be constructed from them (with available servo motors). The planar

configuration is preferred over spatial configuration, because it is a simpler mechanism. For

further simplification of equations of motion, it is proposed that the mechanism contain at

least two equal links.

The physical properties of the test mechanism should be evaluated for experimental

verification. Some physical properties of the test mechanism shall be checked when the

mechanism is disassembled. These properties such as mass and length are proposed to be

measured directly from the disassembled mechanism (as a result of following the simplicity

approach). The other needed parameters such as Center of Mass (CM) and inertias are

proposed to be computed from the Computer Aided Design (CAD) software (usage of
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Figure 3-4: Proposed design of four bar mechanism for validation of second hypothesis

CAD for CM and inertia measurements is easier than experimental measurement of these

parameters). As a result, it is proposed to use the CAD software and generate a model (out

of the proposed components of system) before building the four bar mechanism. In this

way the design, manufacturing, and assembly of the parts can be accomplished in a shorter

amount of time . Meanwhile, different parts and their associated parameters can be placed

in different simulations. Figure 3-4 shows one of the proposed designs of four bar robot

in Solid Edge environment 1. The Solid Edge software is chosen since it is available in the

UET’s Mechanical Engineering department.

Although, it was mentioned earlier that a four bar mechanism is proposed as a testing

mechanism for proposed formulation, however the author helped to create another robot

for the experimentation. This robot is a parallel six DOF Revolute Spherical Spherical

(RSS) robot. In fact, this robot is a kind of Stewart platform that has got two spherical and

one revolute joints. This robot takes less space compared to usual hydraulic actuators of

Stewart platform and can be controlled with more accuracy than Stewart mechanism (due to

presence of electrical servo motors instead of hydraulic actuators). In the aforementioned

RSS mechanism, the electrical actuators are placed on the base and are connected to a

horn which is itself connected by two spherical joints and a link to the end effector. This

1http://www.plm.automation.siemens.com/
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Figure 3-5: Six DOF RSS robot

robot has a specifically designed Hexa Side structure that prevents the physical contact

of linkages with each other. The RSS robot is prepared for experimentation in case a

more sophisticated robot is asked by the referees of the author’s future paper to be placed

forward. In other words, this robot is prepared as a backup robot for formulation validation.

As a result, the design of the robot and analysis is not present in this thesis, however

these details will be published in a separate paper (that is based on this thesis). Since

the design, implementation, and experimentation of RSS robot had considerable effects on

the selection criteria of four bar mechanism components (presented in apparatus design),

it is included in this report. The experimentation procedure of the RSS robot is similar

to the experimentation procedure of the four bar mechanism robot. Figure 3-5 shows the

constructed RSS robot.

The next step for experimental verification is to design a trajectory for the robot. The

trajectory design is explained in detail in an upcoming subsection of this article (with the

heading of "Trajectory Selection"). After the trajectory design, the obtained trajectory

parameters (position, velocity, and acceleration) is proposed to be fed to a dynamic motion

simulation software [154] to get an output corresponding to position control, speed control,
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or torque control modes. The position control, speed control, or torque control modes are

common modes in controlling the electrical actuators (the reasons for selection of electric

actuators are provided in apparatus design section). Among the aforementioned control

types, the speed control is proposed here because firstly, since the host controller is PC,

and the PC happens to hang or slow down, the speed of the host controller in closing the

velocity loop sometimes becomes slower than the speed of the drive amplifier. Secondly,

the load magnitude is constant in this application. Thirdly, the host controller has to take

care of speed, torque, and position in torque control mode while in speed control mode the

host controller takes care of the position only. Fourthly, if the feedback of the position and

velocity is lost in torque control mode, by the host controller, the motor goes to maximum

velocity till the signal vanishes (which is harmful for the motor). Fifthly, in the speed

control mode the amplifier takes care of the speed and torque of the motor while the host

controller takes care of the position (as a result, when the host controller feedback is lost,

the motor is ordered for a constant speed rotation till shut down). As a matter of fact,

the velocity mode is used in the works of so many researchers that had similar robotics

applications. For example, the velocity mode is used in the work of Bompos et al. [155].

After the trajectory design, the inverse dynamics model of the mechanism shall be

calculated based on the provided second hypothesis formulation. The inverse dynamics

model can be calculated with or without the inclusion of the dynamics effects of the servo

motor(s). It is proposed to calculate the inverse dynamics model of the mechanism without

adding the servo motor equations in it. The removal of the servo motor equations is because

of the fact that the factory provided theocratical models of the servo motor(s) generally

can not estimate the exact behaviour of it due to existence of some varying parameters

or presence of complex phenomena such as friction. To evaluate the exact behaviour of

the servo motor(s) through the theoretical models, the system identification procedure is

generally followed. The usage of the system identification to achieve the theoretical model

is not followed in this work, since it is against the followed simplicity approach (because

such identification task needs its own test-bed design and experimental procedures).

When the dynamics of the servo motor is needed to be ignored, the torques correspond-

ing to the given trajectories is proposed to be calculated twice. Once with the connected
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mechanism and once with a separated mechanism. The addition of the torques obtained

from the servo motor(s) with separated mechanism and the mechanism’s model dynam-

ics (without the servo motor(s)) is proposed to be compared with the practical torque data

obtained from the mechanism with connected servo motor(s).

For validation purpose, the following procedure is proposed.

1. The mechanism’s home shall be set and then the mechanism shall be homed to the

set point.

2. The trajectory parameters (positions, velocities, and accelerations) shall be fed to

any desired motion simulation software to acquire the speed control function of the

trajectory.

3. The speed control function shall be fed to servo motor(s) (for motion) to obtain the

torque output of the servo motor(s).

4. The torque output of the servo motor(s) shall be recorded.

5. The same trajectory parameters of previous steps shall be fed to proposed formu-

lation to compute the theoretical inverse dynamics of the mechanism to obtain the

theoretical required torque of actuation.

6. The result of step four, shall be compared with the result of step five. In other words,

for a given trajectory parameters, the practically obtained torque output of the servo

motor(s) in the mechanism shall be compared with the theoretical computed torque

outputs of the mechanism (which is obtained from the proposed formulation (3.2)).

3.6.2.1 Trajectory Selection

There are several choices for trajectory design. As a matter of fact, any trajectory can be

used to verify the model performance at that specific trajectory. However, some trajectories

cover wider verification spectrum to an extent that when a model is verified by them, the

model is generally thought to be correct for the rest of the trajectories. In other words, some

trajectories can check wide variety of motions and can thereby verify the performance of
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a model up to a great extent. Several trajectories have been proposed in the past for such

model verification tasks among which the followings can be named:

1. The fifth-order polynomial trajectory. E.g. the work of An et al. [156] can be named

through which they used three different sets of fifth order polynomial trajectories in

joint space.

2. Multiple harmonic sines trajectory, through which the trajectory is chosen based on

a sum of harmonic cosine and sine functions with some amplitude values that are

chosen based on a selected optimization technique. For example the following works

can be named:

∙ Lyzell et al. [157] used a combination of multiple harmonic sines.

∙ Olsen et al. [158] used repeated sine wave trajectories.

∙ Swevers et al. [159] chose 20 random points in the trajectory of the robot and

maintained maximum deceleration and acceleration between the chosen points

while the robot was stopped at each point. They calculated the acceleration and

velocity through some special filters.

3. Use of evolutionary optimization methods. For example, the work of Calafiore et

al. [160] can be named in which they employ genetic algorithm generated, optimal

trajectories and follow an optimized smooth trajectory (based on some calculated

condition number) which is defined in joint space

4. Usage of variety of trajectories. E.g. the work of Miller [161] can be named through

which he uses different trajectories (without providing any clue on the way he chooses

them) and presents the most rapid non-symmetrical elliptical trajectory out of them

for verification.

5. Handwriting trajectory. E.g. the work of Kostic [162] follows a handwriting trajec-

tory with the given velocity profile.

Since the second hypothesis was already proved mathematically, there is no need of

sophisticated experimental verification. At the same time, since the main emphasis in this
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Figure 3-6: The second unrealized design of “Marak III" Robot

work is simplicity, the fifth-order polynomial is proposed to be selected among the afore-

mentioned types as the validation trajectory (similar to the works of An et al. [156] and

Kozlowski [163]). The fifth-order polynomial is easy to implement and has smooth first

& second order differentials w.r.t. time. The initial conditions for start and stop at each

point, is proposed to be zero for velocity and acceleration (to obtain a finite jerk along with

smooth trajectory).

In this work, it is proposed to use a single trajectory and repeat the trajectory experi-

mentations at least 11 times. Miller [161] repeated the experimentation 10 times, however

it is proposed to repeat the experimentation 11 times so that, if it was required later, the

simple method of Olsen et al. [158] could be employed on it (in which repetition is se-

lected to be high enough so that for Gaussian distributed errors, the maximum-likelihood

method become statically correct). It is proposed to measure the velocity and acceleration

directly, however in case of unavailability of direct measurement sensors, the velocity or

acceleration of trajectory are proposed to be found by numerical differentiation (from the

curve fitting technique).

It is also proposed to measure the repeatability of the designed apparatus. In this way,

more accurate analysis can be performed on the obtained results. For doing so, it is pro-

posed to utilize those 11 measurements of the trajectory experimentations. Then, show the

repeatability errors of 11 trajectory experimentations w.r.t. average of 11 measurements (as
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is shown by Miller [161]).

For error calculation, it is proposed to use Root Mean Square (RMS) of error value.

The RMS value is proposed to be calculated based on the work of Swevers et al. [164].

Such RMS value is calculated according to the following formula:

RMS =

(
1
N

N

∑
K=1

(y [k]− ŷ [k])2

)1/2

(3.84)

Where N is the number of samples to be experimented, the y is the obtained experimental

value, and ŷ is the model obtained (theoretical) value.

3.7 Design of Apparatuses

3.7.1 Design of Apparatuses for the First Hypothesis

The proposed “Marak III" robot in this thesis is different from what it meant to be. In

fact, the current “Marak III" robot is the third iterated design of “Marak III" robot. As a

matter of fact, the budget which was approved for “Marak III" was for a totally different

robot. But because the budget was never allocated, for the first design, a new design with

a much lover budget was proposed. Even the second design could not be realized, because

the university (UET Lahore) did not even release a fraction of the main approved budget.

The university even did not release the budget which was allocated to me only. In fact after

two totally different designs could not be built due to lack of funding the “Marak II" was

selected as the last resort. Since the author is advised not to remind the readers about the

two previous designs, they are not going to discussed. Just for showing a glance of what

was done, the second design of “Marak III" is displayed in figure 3-6, while the motion

feasibility analysis is depicted in figure 3-7 .

Due to withholding the approved budget of this thesis, by the UET officials, the author

had to stick with what was available to him. As a result, the author used the available

apparatuses in the labs of university and what was left from “Marak I" robot [4]. The

design of the apparatuses for the “Marak II" robot is presented in the following subsections.
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Figure 3-7: The motion feasibility experimentations of “Marak III" Robot

3.7.1.1 Design of Climbing Terrain

The swivel terrain can be made from scratch or it can be made by modifying an already

available design. The modified design in this case is simply a metal framed drafting board

with locking mechanism (for board swivel locking) whose board is separated. The locking

mechanism is required to fix swivel angle. Instead of the drafting board, the mechanism is

accommodated with different terrains that can be locked in the board frame. The drafting

board option is proposed here because it was obtained free of charge. A spring and holder

mechanism is proposed to be used to hold the test terrain. For safety of apparatus, some

plexiglass cubes and few sponge sheets are proposed to be placed beneath the terrain, so in

case of any fall they can absorb the crash energy. Although, a rope or string can be used

instead, but because of the fact that the rope or string can get in the way of the robot and can

jeopardize the motion, they are not proposed to be used. The proposed test bed is shown in

figure 3-8.

3.7.1.2 Selection of Climbing Means

As has been mentioned in chapter two (in climber robot section) the climber robots can

use astrictive methods, terrain features, or combination of them. The astrictive method is

proposed for climbing because in this work the robot intends to climb from flat surfaces

that may not have any sort of notch, channel, duct, opening, or so alike (that can be used for

force exerting climbing or force penetrative climbing). At the same time, if force exerting

climbing or force penetrative climbing from flat surfaces is chosen, the possible climbing

120



Figure 3-8: Swivel terrain test bed

environments are forcefully shrank down while the climbing terrain may get damaged.

Different main astrictive climbing methods are negative pressure climbers, magnetic

climbers, wet adhesive climbers, dry adhesive climbers, thruster climbers, Bernoulli effect

climbers, and electroadhesive climbers (as discussed in chapter two). As has been stated,

the magnetic attractors do not have the capability of firmly sticking to non-ferrous mate-

rials, and at the same time they magnetize the ferrous terrain when they are placed on it.

Hence, demagnetization process has to be carried out after removal of magnetic actuators

from the terrain. The demagnetization process consumes energy and makes the magnetic

attractors in-efficient. The wet adhesive climbers have the capability of sticking to versatile

types of surfaces, however they have got some major problems including regeneration of

climbing power and stickiness of the after travel. Dry adhesives are capable of demonstrat-

ing high "sticking force to weight ratio", however they are expensive, difficult to manufac-

ture, and susceptible to dirtiness of the terrain. The thrusters need high power, have low

efficiency, generate high noise, and are generally susceptible to cross winds. The Bernoulli

effect climbers can generate enough climbing force without touching the terrain, however

when they are compared to the suction cup,s they are less efficient, develop higher noise

levels and generate smaller sticking force. The electroadhesives can bypass majority of

terrains, consume low energy, and have low weight, however they need to be very close to
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the surface of travel. As a result, the electroadhesives are not suitable for travelling through

rough surfaces.

The negative pressure astrictive climbers, are not limited to ferrous terrains, do not

cause terrain stickiness, do not suffer from climbing power regeneration (as wet adhe-

sives), are not so expensive (as dry adhesives), are not so susceptible to dirtiness of the

terrain (as dry adhesives), are vulnerable to cross winds (as thrusters), offer higher effi-

ciency compared to Bernoulli effect climbers, and generally produce more climbing power

than electroadhesives. As has been mentioned, the main subcategories of negative pressure

astrictive climbers are suction cups, suction pads, and impellers. The impeller climbers

generally operate on lower vacuum levels compared to the suction cups. At the same time,

they are generally less energy efficient than suction cups. The suction pads are generally

produced in lower quantities compared to suction cups and, as a result are more expensive.

Among negative pressure astrictive methods, the suction cups are the most commercially

available type. Compared to other climbing means, the suction cups have got several key

advantages. Their advantages include all the entire aforementioned advantages of nega-

tive pressure astrictive climbers plus the availability (commercially), simplicity, gripping

strength, wide capability in passing different terrains, ease of access & implementation,

nondestructive behaviour in engaging & disengaging the locomotion terrain, and higher

repetitiveness. The main disadvantage of suction cups are their susceptibility towards

porous terrain, rough surface finish, and irregular (non-flat) surfaces. At the same time,

they are generally less energy efficient and heavier compared to wet adhesives, dry adhe-

sives, and electroadhesives.

The suction cups are further categorized as active or passive. Compared to the active

suction cups (of same size), the passive suction cups are lighter, less expensive, less com-

plex, and comprise a lighter system, but they are inferior to active suction cups in climbing

applications since the vacuum level in them is generally not as high as active suction cups,

and at the same time they generally can not keep their sticking power for a long time with-

out being pushed again. The passive suction cups are also more prone to general troubles

of suction cups when they are faced with rough surface finish, porous terrain, or irregular

(non-flat) surfaces.
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For selection of the appropriate type of astrictive mechanism, the research assumptions

were reviewed, while the main advantages and disadvantages of different astrictive meth-

ods were investigated. Some of these conditions state that the climber should be able to

traverse a fully flat terrain, should contact the terrain with soft and non destructive land-

ing, and should also possess lower sensitivity to dirtiness of the terrain of locomotion. By

these conditions the penetrative, force exerting, and wet adhesive methods are eliminated.

The active suction cups are proposed as the climbing means for the robot, because of the

following reasons:

∙ The active suction cups are already available in Pakistani markets and are compara-

tively cheap (they can be purchased with the author’s low budget).

∙ Availability of different pneumatic components and systems at UET’s Mechatronics

& Control Engineering department that can support the build up of such a vacuum

system (out of any additional charges).

∙ Superiority over the available climbing methods according to the mentioned advan-

tages.

∙ Complete compliance with the aforementioned research assumptions.

∙ Disappearance of some of the active suction cups major disadvantages (e.g. the

porous terrain disadvantage is diminished because in our assumption we did not as-

sume the robot to be able to cross such a highly porous surface that it can not cross,

the irregular (non-flat) terrain surface disadvantage diminished because the robot is

supposed to traverse a flat terrain, or the low energy efficiency deficiency diminished

because energy consumption is not important for the intended application.)

Slippage and detachment are two major problems that cause failure in suction cup

mechanisms. There are two ways to reduce the two aforementioned problems. The first

method is to increase the vacuum level and the second method is to increase the area of the

suction cup. In this thesis, it is proposed to increase the surface area of the suction cup (by

increasing its diameter) instead of increasing the vacuum pressure, since the increment of

vacuum pressure is either not attainable or is not economical beyond some level anymore
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(above 60 %). To be sure that the proposed diameter of the suction cups is big enough, the

author consulted the formulations of Nishi [87], Zhu et al. [165], Monkman et al. [166],

and Bahr et al. [167] related to the design of suction cups. Then the estimated weight of

each unit along with other design parameters (such as elevation, suction level, or safety

factor) were fed to the formula and at the end the diameter of 30 mm was calculated for the

suction cup.

Due to budget constraints, the suction cup with circular cross section is proposed.

Among possible shapes of circular cross sectioned suction cups, the ribbed suction cup

is proposed because it offers the best elastic and transmittable vertical forces and also pos-

sess high transmittable horizontal forces (since according to Horak et al. [168] there are

axial and radial loading forces plus tilting moments acting on the robot). After the selection

of suction cup diameter, the fittings and accessories associated with it were selected. The

selection was based on budget and availability of parts. For example, the suction cup was

connected to an elbow fitting that was itself connected to a M5 QS fitting. A Polyurethane

(PUN) pipe of 4 mm is used to connect the QS fitting to the main Electro-Pneumatic con-

trol board (that forms the pneumatic actuation mechanism). The Electro-Pneumatic control

board consisted of the available solenoid or directional control valves in Mechatronics &

control engineering department of UET. Since majority of available solenoid control valves

could not operate reliably under vacuum, thereby they were used to actuate the directional

control valve that could operate under vacuum pressure ranges. The vacuum is generated

with the help of the pressurised air of a compressor that passes though a 1/4 VAD venturi

vacuum generator (such a system forms a centralized vacuum generation system). After

vacuum generator, the directional control valves and solenoid control valves distribute the

vacuum pressure to each unit through the mentioned 4 mm PUN pipe. Figure 3-9 shows

the pneumatic actuation mechanism of “Marak II" robot [4].

To be sure about the correct working of the pneumatic circuit, the entire pneumatic

circuit and some of its components was designed and simulated with Festo pneumatic soft-

wares 2. The suction cups and their supporting parts and accessories form the anchoring

mechanism (which is one of the major parts of “Marak II" robot).

2 http://www.festo.com
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Figure 3-9: “Marak II" pneumatic actuation mechanism [4]

3.7.1.3 Actuator Selection

Based on Huber et al. [169] definition, actuator means "a controllable work producing

machine". The actuators are mainly electric, pneumatic, and hydraulic. According to Ol-

szewski et al. [170], the electric actuators generally have the maximum efficiency, stiffness,

and precision. The electric actuators also benefit from the fact that their associated energy

storage, control, and energy transfer is the most convenient type. The pneumatic actuators

generally have the maximum reliability and low maintenance costs. The hydraulic actua-

tors generally possess the maximum force to cross-sectional area, power to weight ratio,

overload ratio, durability, precision, and stiffness, however they are prone to leakage, are

generally heavy, and have complicated energy transfer procedures. Furthermore, there are

generally two types of actuation systems. They are linear and rotary actuation types. The

linear actuators are more near to the natural actuation of snakes, however they are gener-

ally more expensive and less commercially available than the rotary actuators of the same

power. As a result, for the author’s low budget research work, the rotary actuators are

preferred to the linear types. Since the precision, resolution, & stiffness is of grate im-
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portance in this application, and because several DC servo motors are already available at

Mechatronics & Control Engineering department, the rotary electric DC servo motors are

proposed to be selected as the actuator of choice. These DC servo motors are in fact hobby

servos of Hitec company 3 and are picked from the Robix Rascal robotic sets 4. These

DC servos are analog servos and are named as HS-422 by Hitech. According to the servo

manufacturer, the HS-422 is capable of producing 3.3 Kg.cm at 4.8 volts. This amount of

torque is sufficient for buildup of a low weight compact snake-like robot (the specification

of these servos are available in in table A.1 in appendix A). The HS-422 servo makes up

the actuation mechanism in each module of the robot.

3.7.1.4 Design of Joint and Frame

In chapter two it was mentioned that the snake-like robots offer several advantages includ-

ing terrainability, maneuverability, versatility of motion, and flexibility. Design of joints

can directly enhance or reduce these advantages of the snake-like robots. As a result, the

joint design plays an important role in overall design of the robot. The robot joints can have

single or multiple DOF. Single DOF joints are easy to implement, and are less intricate than

the multiple DOF joints. Since in this application, simplicity is the major design concern,

the single DOF joint design is preferred over multiple DOF joint design.

Single DOF joints are generally prismatic or revolute joints. Since the rotary motor is

proposed to be selected as the actuator of choice, the selection of prismatic joint would gen-

erally necessitate the implementation of additional components compared to incorporation

of revolute joints. The additional components increase the complexity, weight, cost, and

inertia of the system (to name a few). As a result, the revolute joint is selected for the robot.

For the sake of simplicity, one of the simplest revolute joint designs that belong to Dowling

[76] is proposed to be incorporated in the robot. The Dowling joint design can incorporate

any type of bearing or bushing. A revolute joint with bearings generally has lower friction

than a revolute joint with bushes. So, the bearings are selected to be incorporated in the

joints. There are different types of bearings such as ball bearing, plain bearing, or roller

3http://hitecrcd.com/
4 http://www.robix.com/
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bearing. Since the simplicity is the major design concern, one of the simplest bearing types

which is plain bearing is selected as the main bearing of the revolute joints. In this thesis

design, the plain bearing is simply made of a plastic washer which is sandwiched between

two linkages.

The linkages of “Marak II" robot are proposed to be made of an available material with

cheap, hard, light, and soaring strength to weight ratio properties. As a result, the hardened

and clear-anodized 6061−T 6 Aluminum alloy linkages of Robix set are proposed to be

selected for the linkages of the “Marak II" robot. Since the increment in the length of robot,

increases its inertia and required torque from one hand, and decreases their ability locomo-

tion capabilities in small/tight spaces (as Dowling suggests [1]), thereby it is proposed to

choose a link with minimum possible link length. Among the available linkages of Robix

set, the the linkage that has a length of 57 mm is proposed, because if the Hitec servo is as-

sembled in the mentioned 57 mm linkage in zig-zag formation (zig-zag formation selection

procedure is available in fabrication and robot assembly subsection), a robotic link length

of 38 mm is achievable in which is the minimum possible link length for the available ar-

rangements (38 mm link length is even smaller than the 40.6 mm Hitec servo motor length).

For holding the suction cup and its associated parts, an L shaped cantilever plate (of the

same material) is riveted to the 57 mm link of the Robix set. The L shaped cantilever plate,

57 mm link of the Robix set, and their associated components, form the frame of each unit.

The combination of the frame, joint, bearing, fittings, and the support parts, constitutes the

frame and joint mechanism (which is one of four major parts of the robot).

3.7.1.5 Selection of Motion Dimension and Number of Modules

By motion dimension, the author means the number of cartesian dimensions in which the

motion is executed in it. In majority of mobile robotics applications, the motion dimension

is generally either 1D (linear), 2D (planar), or 3D (spatial). The motion dimension is

generally selected based on the intended application of the robot. This thesis intends to

implement the rectilinear and wheeling gait (which require at least 2D motion). Although,

it is possible to construct a snake-like robot with higher dimensions (that could demonstrate

steering capabilities), however since the simplicity is the major design concern in this work,
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Figure 3-10: “Marak II" Control Board [4]

thereby 2D motion is selected. On the other hand, the selected servo motors are so weak that

even with the simple type of Dowling joint [76], the servos are unable to work continuously

(with all possible combinations of link length, velocity, and acceleration) for bearing the

load of three consecutive units. In the snake-like robots intended for this application, the

load of three consecutive units have to be carried out by the servo of neighboring unit

because in some sequence of rectilinear gait, such load bearing occurs.

The number of modules is also generally selected based on the intended application.

The intended application of “Marak II" robot is climbing. The climbing is performed

through rectilinear and wheeling gaits of locomotion. Locomotion through these two gaits

is possible through releasing some modules from the terrain and anchoring some other

modules to the terrain. It was observed in “Marak II" [3] and “Marak I" [4] that stabilized

locomotion is possible through incorporation of at least three consecutive anchoring mod-

ules. In other words, in each interval, at least 3 suction cups shall be engaged to the terrain.

As a result, for stabilized locomotion, the minimum number of modules for rectilinear gait

is seven and minimum number of modules for wheeling gait is ten. Hence, for a robot to

be able to carry out both rectilinear and wheeling gaits of locomotion at least 10 modules

are necessary. Although it is possible to have more than 10 modules but since the main

design concern in this work is simplicity, the minimum number of modules (which is ten)

is selected. Under these two gaits of locomotion it is necessary to anchor the robot to the

flat surface with some units and advance with others.
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Figure 3-11: “Marak II" robot on the terrain of locomotion

3.7.1.6 Selection of Sensory, Communication, Control, and Power System

The proposed Hitec servo motor contains a DC motor and a potentiometer. The potentiome-

ter is used as an angular position measurement sensor and is the only sensor of the “Marak

II" robot. The servo motors and associated electro-pneumatic components of the robot are

powered through a DC fixed power supply and a DC variable power supply respectively.

The actuation of solenoid control valves and motion of servo motors are controlled by PC

programs through the Control Board. The Control Board contains two main boards. The

first board is a Power Isolation board and the second board is an Usbor Servo controller

(Usbor-321 Rev: 0.0.2). The Power Isolation board is used to isolate the digital signals

of Usbor Servo controller send to solenoid control valves. The Usbor Servo controller is

a component of Robix set and is programmed through dedicated scripting programs called

Usbor Nexway and Usbor Nexus (that work with Java Runtime Environment). The servo

motor’s trapezoidal velocity profiles are generated in Usbor Servo controller through the

Usbor Nexway and Usbor Nexus programs. Figure 3-10 demonstrates the Control Board

of “Marak II" robot [4].
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3.7.1.7 Fabrication and Robot Assembly

The procedure through which the entire components of the “Marak II" robot were selected

was presented in the aforementioned subsections. There are different combinational possi-

bilities through which the components can be assembled together. The main combinational

possibilities that drive the assembly procedures are the formation of the robot, and suction

cup placement. For a planar robot, the units can be either placed in a zig-zag or linear

formations. It is proposed to place the units in the zig-zag form, since the robot’s link

length can be further reduced. As mentioned before, as a result of the shorter link length in

zig-zag combination, the required torque and the inertia of each module of the robot also

reduces while the robot can maneuver better in tight spaces. Since the suction cups have to

be placed on the terrain of locomotion, they are placed on the lowest position of each unit.

Furthermore, they are proposed to be placed in the center of the frame so that each unit is

attached to the terrain in the mid point.

As Dowling [76] suggests, going beyond ±20∘ angular rotation has very limited effect

on the ability of the snake-like robot to maneuver in small/tight spaces under any link

length. With the designed parts, the maximum achievable angle of each joint in rectilinear

GCT is ±35∘, which is quite higher than the suggested ±20∘ angular rotation. After each

unit is assembled, the units are proposed to be calibrated in such a way that their zero angle

become exactly consistent with each other (in this way, the homing and angular differences

between units becomes meaningful). Figure 3-11 depicts the assembled “Marak II" robot

(under wheeling gait of locomotion) on the terrain. Figure 3-12 demonstrates the entire

test bed of “Marak II" robot along the majority of components [4].

3.7.2 Design of Apparatuses for the Second Hypothesis

3.7.2.1 First Set of Experimentation Apparatuses

As has been explained in the design of experimentation section, a four bar mechanism

was proposed to be formed out of a robot for experimentations. The first proposed robot

(apparatus) was the “Marak II". The “Marak II" and its associated test-bed was selected

because firstly there was no any other experimental tool in department that could satisfy the
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Figure 3-12: “Marak II" test bed [4]

experimentation requirements (except a serial Mitsubishi robot through which the author

was denied on its subsequent modification and usage) and because secondly it was already

available (for proving the first hypothesis) and there was no need for design of any new

robot. The “Marak II" could handle experimentation on both redundant and non-redundant

mechanisms. As a matter of fact, the wheeling gait of “Marak II" was already designed

in such a way that it formed a four bar mechanism by locking some servos of the robot.

Figure 3-13 depicts the way the four bar mechanism is formed from the “Marak II" robot,

the module numbering procedure, and the way through which the robot moves during one

step of wheeling gait on horizontal terrain. The green triangles in figure 3-13 show the

actuated suction cups, while the brown lines depict the generated robotic links out of locked

neighboring modules (links 1 and 2 according to figure 3-1). The first, ninth, and tenth

modules with actuated suction cups are locked and form another link of four bar mechanism

(link 1” according to figure 3-1). At the same time, the modules four, five, and six are

also locked together and generate another robotic link of the four bar mechanism (link 2

according to figure 3-1). Figure 3-14 depicts the module numbering procedure along with

the way the “Marak II" robot moves during one step of wheeling gait on vertical terrain.
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Figure 3-13: “Marak II" locomotion procedure during one step of wheeling gait on hori-
zontal terrain

The dash lines in figure 3-14 demonstrate the vertical surface. Figure 3-15 shows the

iteration of four bar mechanism during each step of the robot in a full gait of a wheeling gait

on horizontal terrain. The diagonal colored lines in figure 3-15 depict the generated robotic

links out of locked neighboring modules. The diagonal colored lines also show the initial

and final positions of links number one and three (of four bar mechanism) during each step

of locomotion. Figure 3-16 depicts four bar mechanism iteration sequences during each

locomotion step of the robot in a full gait of a wheeling gait on vertical terrain.

If table 3.3 is observed carefully, it can be seen that between each two steps of loco-

motion some joints are not going to move at all, while the number of those joints that are

able to move are four. In other words, the designed wheeling gait constitutes a four bar

mechanism. Since the design of the “Marak II" was already discussed in the "Design of

Apparatuses for the First Hypothesis" section, it is not going to be repeated again here.
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Figure 3-14: “Marak II" locomotion procedure during one step of wheeling gait on vertical
terrain

Figure 3-15: “Marak II" wheeling gait locomotion procedure on horizontal terrain
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Figure 3-16: “Marak II" wheeling gait locomotion procedure on vertical terrain

However, as discussed before, there are major differences in the way the data is going to be

analyzed for the first and the second hypothesis. As a result of these differences, some new

measurement techniques were used for the second hypothesis.

For measurement of the real position of the robot (as a part of trajectory parameters), the

data out of potentiometer of Hitec servos needed to be measured directly. For accessing the

data of potentiometers, three excessively thin enameled wires were connected to each servo.

The excessively thin enameled wires were selected because they have got an insulated

coating around them and at the same time, they possess low deformation resistance (hence

their exerted force on the robot is negligible). To reduce the noise effects, these thin wires

were braided in all places where the braiding was possible. The output from the braided

thin enameled wires were connected to Arduino Duo board.5 The Arduino Duo board

was selected firstly, because it was already available in the UET’s Mechatronics & Control

Engineering department and secondly, due to the fact that the purchase of any other Data

Acquisition board (DAQ board) was cancelled because of budget constraints. Figure 3-17

depicts the additional three position measurement wires (from a braided cable) to number

5https://www.arduino.cc/
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Figure 3-17: “Marak II" along its position measurement wires of servo 6 on horizontal
terrain

sixth module of robot on the horizontal terrain.

The servo motor’s torque can be measured directly (e.g. through dynamometer) or

indirectly (e.g. through measurement of current). The current measurement was selected

in this work because it is quite cheaper and much less complex than the direct torque

measurement techniques. For measurement of current, either direct or indirect methods

can be used. In direct current measurement method a current sensor is used, while in

indirect current measurement methods generally a resistor is added to the circuit and the

voltage across the resistor is checked (the current then can be found through Ohm’s law).

The direct current measurement method was selected here because firstly the author was

advised to do so and secondly because the addition of specially designed resistor in the

circuit of the servo motor is going to effect the servo’s behaviour and hence cause a more

complicated measurement. There were very few "ready for sale" accurate current sensors

in Pakistani market. Among the available sensors the ACS711 from Allegro Microsystem

LLC 6 was the best. However, as it will be explained in chapter four, even this sensor

6http://www.allegromicro.com/
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Figure 3-18: L18P003D15 hall effect sensors assembled on a board

was not accurate enough. So the author tried to use the current sensors of available clamp

meters and current probes of available oscilloscopes. Unfortunately, the number of the

clamp meters and oscilloscope probes were limited, so they could not be used. Eventually

the author ordered L18P003D15 hall effect current sensors manufactured by Tamura 7 that

generated 1.46 v/A.This sensor was selected based on the price, availability, and shipment

time to Pakistan. Figure 3-18 demonstrates the employed L18P003D15 hall effect sensors.

The way through which the experimentations were carried out is presented in chapter four.

3.7.2.2 Second Set of Experimentation Apparatuses

Since “Marak II" could not be utilized for simultaneous measurement of mechanism’s data,

a new robot is proposed to be designed. In this second trial, it is proposed to build a four

bar mechanism from scratch and name it “Marak IV". For building “Marak IV", the au-

thor consulted the Robotics Lab of Isfahan University of Technology (IUT) and utilized the

most appropriate equipments that were present in the Lab. Majority of these equipments

are from the prior works of Azizan et al. [171] and Jafarinasab et al. [172]. In the follow-

7http://www.tamuracorp.com/
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ing subsections a detailed methodology for the design of the experimental apparatuses is

presented.

3.7.2.3 Actuator Selection

As it was mentioned in the first hypothesis (device selection subsection), the electric mo-

tors have abundant advantages over other actuation mechanisms. Among those advantages,

the ease of control, ease of power transfer, high efficiency, high stiffness, and high preci-

sion (according to Olszewski et al. [170]) are the ones that lead to the selection of electric

motors. In addition, the electric actuators have high actuation strain to actuation stress ra-

tio compared to the most of common actuators of the same size (according to findings of

Granosik et al. [173]). This property enables the electric actuators to have higher displace-

ments compared to the majority of the available actuators of the same size (and as a result

suits them more for robotics applications). As mentioned before, among the major types of

electric motor actuation, the linear and rotary actuation are the most prevalent types. The

electric rotary actuation is proposed to be employed here since, in this work, it is intended

to build a four bar one DOF mechanism with revolute joints. The implementation of linear

actuators with such an RRRR mechanism, needs the deployment of additional mechani-

cal conversion systems that further complicates the mechanism, lowers the reliability, and

reduces the system accuracy to name a few.

For actuation of the robot, it is proposed to use an available 400W AC servo motor

called T ST 06401C − 7T from Teco company 8(the servo is available in IUT’s Robotics

Lab).The available T ST 06401C−7T servo already has a built in regenerative resistor, con-

tains a 1/10 gearbox, and does not have any mechanical brake. It is shown in figure 3-19

sub-figure (a) (the specifications of the servo are available in table A.2 in appendix A).

Besides availability, the mentioned AC servo motor (with permanent magnets) is proposed

to be selected because of the following reasons:

1. It does not have any brush and as a result, offers several advantages over DC mo-

tors. E.g. it has higher efficiency, lower wear & tear , higher reliability, and lower

electromagnetic interferences, to name a few.
8http://www.tedmotors.com/
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(a) T ST 06401C−7T servo motor (b) T ST 06401C−7T encoder

(c) Disassembled double axis pillow block
mounted bearing

(d) Locked universal joint that acts as revo-
lute joint

(e) Employed double disc coupling (f) T STA20C servo drive

Figure 3-19: First set of “Marak IV" robot parts and associated equipments
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2. It is smaller and more efficient than AC induction motors while at the same time, it

can generate a flat torque profile for higher speed ranges.

3. In this motor the torque and velocity have proportionality with each other as in DC

motors.

4. This motor operates in synchronous mode.

5. This motor already contains drive, gearbox, and an accurate in built incremental

encoder (the encoder is depicted in figure 3-19(b)) .

The T ST 06401C− 7T servo is recommended (by the manufacturer) to operate alongside

T STA20C servo drive. The T STA20C servo drive can work with position control mode,

speed control mode, torque control mode, or some combination of them. As mentioned

earlier in the experimentation design section, the velocity of the actuator is proposed to be

calculated in a simulation software and then fed back to the servo motor through the analog

input of velocity control mode. Similar to the first hypothesis, the servo motor along with

gear box makes up the actuation mechanism of the system (which is one of the four major

parts of the robot).

3.7.2.4 Joint and Link Design

As it was mentioned before, an RRRR mechanism shall be built. Figure 3-1 resembles a

RRRR mechanism. If the joints are numbered according to figure 3-1, joints 1 and 4 are

the ones which are placed on the ground. The servo motor joints can simply make up these

revolute joints, however the servo and its shaft may get deformed or damaged under exces-

sive radial loading. This excessive loading is not produced in the setup by external forces

(since there is no any external force acting on the robot). In fact, the excessive loading is

generated due to the programming or running faults. As a result, a structure has to be build

that can handle possible excessive radial loading with a limited rotational friction. To ac-

complish this task, the shaft of the servo motor is proposed to be connected to another shaft

(called sandwiched shaft) enclosed within two double axis pillow block mounted bearings

(with hexagon socket set screws). Such an arrangement can handle different possible mis-
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alignment(s) while handling the radial loading. The P204 housing that has Asahi’s UC201
9 bearing is proposed to be used in this work because the Asahi’s UC201 bearing has ba-

sic dynamic radial load rating (Cr) of 12.8 kN and basic static load rating (Cor) of 6.6 kN

(which is more than sufficient for bearing the possible excessive loads of this work) and at

the same time it is of good quality, quite cheap and available compared to the rest of pil-

low block mounted bearings. Figure 3-19(c) shows disassembled double axis pillow block

mounted bearings (with hexagon socket set screws). With the mentioned arrangement, it

is possible to either connect a single servo motor to the one DOF Four-bar mechanism or

connect two servomotors to the one DOF mechanism. In other words, by this setup it is

possible to check both the redundant and non-redundant cases.

Since the redundant or non-redundant cases can be checked already, there is no need

for joint two and three of “Marak IV" to act as active joints, so a simple revolute joint can

be placed in joints two and three. However, since some free universal joints are available, it

is proposed to use them. The available universal joints can be converted to simple revolute

joints by locking one out of two available DOF. Such a locking universal joint can be

used to rectify any possible misalignments of the links and joints. The proposed locking

mechanism simply consists of a socket screw and metal epoxy adhesive that, together, can

securely take away one DOF from the universal joint. Figure 3-19(d) demonstrates the

converted universal joint.

For convenience, the links of the mechanisms are proposed to be numbered according

to figure 3-1. The links are proposed to be light and strong in such a way that the rigidity

assumption can be satisfied with high degree. As a result, the links are proposed to be

constructed out of aluminum bars of 20 mm diameter. The link zero or base is proposed

to be made out of 5 mm steel plated structure that can offer an extensively rigid and easy

to access apparatus. The design of “Marak IV" is proposed to be made in such a way

that any misalignment in the assembly can be covered with ease. The usage of lockable

universal joints and double axis pillow block mounted bearings were for adjusting such

misalignments. In the same manner, for connecting the servo motor(s) to the lower join(s)

of “Marak IV" robot (joints one and four) there shall be a device that can be used to rectify

9http://www.asahiseiko.co.jp/english/
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the misalignments. It is proposed to use the disk coupling for rectifying the possible shaft

misalignments between the servo motor(s) and sandwiched shaft(s). The reason behind

this selection is that, the disk coupling is a torque transmission element with high torsional

rigidity that is capable of handling misalignments. Figure 3-19(e) depicts a double disc

coupling constructed from two single disc couplings (the center spacer is from a single disc

coupling) intended to be used in this thesis. The double disk coupling is preferred over

single disk coupling, because it can overcome parallel misalignments as well.

3.7.2.5 Test-bed Buildup

As stated before, the standard drive for T ST 06401C−7T servo motor is T STA20C, how-

ever it can work with T STA15C drive as well. The T STA20C is shown in figure 3-19(f).

(a) PCI−1784 card that is used for encoder
communication

(b) PC installation of PCI−1723 and PCI−
1784 cards

(c) USB−1208FS card (d) Isolation Circuit (built from 6n137 opto-
isolators)

Figure 3-20: Second set of “Marak IV" robot parts and associated equipments

As can be seen from the figure 3-19(f), the TSTA20C drive has four ports. From top
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to bottom, the first port is a Din 8 pin female connector that is called "CN3" and is for

connection of drives together. The second port is a Din 8 pin female connector that is

named "CN4" and is for connection of Personal Computer (PC) to the drive. The RS−232

serial port of PC can be used for the connection of PC to CN4. A servo driver software in

PC called "TED Servo" (version 0.9) 10 is used for interaction, recording, demonstrating,

processing, testing, and running the servo motor and majority of its parameters. The third

port is a 50 pin SCI connector that is called "CONTROL" or "CN1" and is used for Input

Output (IO) connections. The IO connections can either be connected to IO pins of a PLC

or IO pins of PC IO card or motion module. The forth port is a 20 pin SCI connector that

is called "ENCODER" and is used for encoder connections.

As mentioned earlier, both PLC and PC can be used for IO communication, however

due to unavailability of PLC in the IUT’s lab, an already available Pentium(R) Dual-Core

PC (with 2.7 GHz processor speed and 4 GB RAM) along with two types of internal IO

cards and one type of USB DAQ card is used. These two IO cards are PCI − 1784 and

PCI − 1723 cards from Advantech 11. The USB DAQ card is USB− 1208FS card from

Measurement Computing 12. These cards are selected because they are the only available

working cards in IUT’s Robotics Lab.

The PCI − 1784 is a four axis quadrature encoder along with four 32 bit counters (up

and down) and 8 channel isolated digital IO. The PCI − 1784 works with PCI bus, has

37 pin connector terminal, and is intended to be used for encoder communication. In other

words, the job of the PCI−1784 is to perform the communication tasks with the encoder(s).

Two PCI−1784 cards are proposed to be used in the test bed setup, because for RSS robot

control there is a need of communication with 6 encoders (while each card can handle not

more than 4 encoders). It is proposed to control three encoders by one PCI − 1784 card

and the other three encoders by another PCI − 1784 card (out of two available cards). In

this way, both cards are going to be subjected to lower temperature stresses compared to

other combinational possibilities. Figure 3-20 sub-reference (a) depicts the PCI − 1784

card that is employed in this work. Figure 3-20(b) shows one PCI −1723 card along with

10http://www.tedmotors.com/
11http://www.advantech.com/
12http://www.mccdaq.com/usb-data-acquisition/USB-1208FS.aspx/
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the neighboring two PCI −1784 cards installed in test bed computer.

The PCI−1723 is an eight channel analog output card (with 16 bit of resolution) along

with sixteen channel digital IO ports. The PCI − 1723 works with PCI bus, has 68 pin

connector terminal, and can offer an analog output range of ±10 volts with 0 to 20 mA

current variations. The main job of the PCI − 1723 is to send the analog signals with the

range of ±10 volts to the servo drive(s). These analog signals control the servo motor

through servo drive (based on the selected speed control mode). The Labview program

from National Instruments Corporation 13 is used for controlling the external and internal

cards and execution of motion. The Labview program is selected because of its availability

in UET.

The PCI−1723 and PCI−1784 can not be used to send and receive the analog signals

to six drives as a result, two USB− 1208FS cards are added to them (for support of six

servos). The USB−1208FS is a twelve bit data acquisition apparatus with four differential

analog input channels, two analog output channels and 16 digital IO ports. The main

task of USB− 1208FS is to fetch the analog outputs of servo motor. For example, the

USB−1208FS card can fetch the analog data of torque, velocity, or electrical angles of the

servo motor. Figure 3-20(c) demonstrates the proposed USB−1208FS card.

The T STA20C & T STA15C servo drives are designed in such a way that they can

receive and send different digital or analog IO signals. The T STA20C or T STA15C drive

offer around 20 digital and 7 analog IO ports in speed control mode. These digital and

analog signals can be used for communication or control of the drive and its associated

servo motor. The secondary task of PCI −1723, USB−1208FS, and PCI −1784 cards is

to provide adequate IO ports for controlling of up to two servo motors of “Marak IV" or six

servo motors of RSS robot Before the main motion of the robot, the servo motor(s) need to

go to a fixed position. In other words, the servo motor(s) need to be homed prior to motion.

The homing procedure for such a servo motor (with incremental encoder and gear box), is

proposed to be performed by a combination of automatic location of z axis of the encoder

and eyesight corrections. As a result of the mentioned motion procedures, the command or

feedback signals need to be send or received by the IO ports to the servo drive(s). In fact,

13http://www.ni.com/labview/
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in addition to two analog output (for output voltage monitoring) and one analog input ports

(for speed control mode commands), there is a need of at least four controlled digital IO

ports per servo drive. The required IO ports are described as follows:

1. The "Servo On" (SON) command needs one digital input.

2. The "Emergency Stop" (EMC) command needs one digital input.

3. The "Mode Control" (MDC) command (that controls the shifting from position to

speed control) needs one digital input.

4. The Shome command (for homing of the robot) needs one digital input.

For stoping the system in any circumstances, it is proposed to execute the "Emergency

Stop" command through emergency stop switch. In this way, there is a need of minimum

three digital input ports for running the servo motors. Since there might be a need to run

the servos without intervention of the cards, the "Servo On" command is proposed to be

operated by a manual switch (per servo motor) in addition to operation with aid of a digital

port. It is proposed to connect the digital input ports firstly to USB− 1208FS cards. The

reason for this selection priority is the ease of operation with USB cards.

The ground voltages of digital and analog IO ports in T STA20C & T STA15C cards

are different and have got a reasonable bias. As a result of this bias voltage, there is a

need of isolation for digital signals. The isolation can be employed using relays, isolation

transformers, opto-isolators, capacitors, hall effect devices, and magnetoresistance devices.

It is proposed to isolate the circuit through the usage of opto-isolators. The opto-isolators

are proposed, because they offer some advantages that no other isolator has. Among these

advantages, the availability in local market, high speed, cheapness, and small size can be

named. Based on the availability and cost analysis of high speed opto-couplers and through

exact measurement of input and output properties of T STA20C & T STA15C drives and

USB-1208FS card (including voltages, currents and frequencies), the 6n137 opto-isolator is

proposed for circuit isolation. The 6n137 opto-isolator needs a support circuit for operating

from the 25.7 volts supply of T STA20C & T STA15C drives. As a result, a supporting
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Figure 3-21: Control Box containing three T STA20C and three T STA15C servos, seven
circuit breakers, one ADAM−3968, and two ADAM−3937 screw terminals

circuit is designed for the 6n137 optocouplers. The circuitry which is made for operational

support of 6n137 opto-isolator is called "Isolation Circuit" and is depicted in figure 3-20(d).

For having a compact test bed control system, the available servo drives (including

three T STA20C and three T STA15C drives ) are proposed to be placed in a so called "Con-

trol Box". The servo motors are proposed to be powered through seven circuit break-

ers, while the entire connections to PCI −1723, and PCI −1784 cards are proposed to be

done through wiring from the T STA20C and T STA15C drives to 68 pin ADAM − 3968

and 37 pin ADAM − 3937 screw terminals of Advantech 14. The ADAM − 3968 and

ADAM − 3937 screw terminals are selected because they are standard connection termi-

nals for PCI−1723, and PCI−1784 boards. Figure 3-21 shows three T STA20C and three

T STA15C servos, seven circuit breakers, one ADAM−3968, and two ADAM−3937, screw

terminals plus their entire wiring connections emplaced in a so called "Control Box".

Through assembly of the servo motors, disc couplings, double axis pillow block mounted

bearings, links, and joints on the mechanism bed and connecting the servo drives, power

14http://www.advantech.com/
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Figure 3-22: “Marak IV" robot

supply cables, earth cables, circuit breakers, PC, monitor, emergency stop switch, USB-

1208FS cards, PCI − 1723 card, PCI − 1784 cards, screw terminals, and Isolation Circuit

together (in an appropriate way), the “Marak IV" robot is build. Figure 3-22 shows the

“Marak IV" (with two actuators) and majority of its components.

3.8 Summary

In this chapter, first an introductory article was provided to familiarize the reader briefly

with the main problems and their possible solutions. Then, the general method towards

finding the answers of two proposed problems was introduced. Afterwards, the first and

second major problems were discussed in detail and the first and the second hypotheses

were introduced. Then, the proper way to prove the first hypothesis was discussed. Later,

the mathematical proof of the second hypothesis was mentioned. Afterwards, a simplified

step-by-step procedure for second hypothesis alongside a solved example was provided.

Later on, the design of experiments including the design of experiments related to the first

hypothesis and the design of experiments related to the second hypothesis were discussed.
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Finally the design of apparatuses for the first hypothesis and the design of apparatuses

for the second hypothesis were mentioned. To sum up, this chapter discussed the two

major problems of this thesis and provided the proposed solutions to these problems by

introducing mathematical proofs or experimental ways through which the correctness of

the solutions could be validated.
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Chapter 4

Experimentations and Results

In this chapter the experimentations which were designed in chapter three are going to be

executed.

4.1 Experimentations

4.1.1 Experiments Related to the First Hypothesis

As explained earlier in chapter three, the first major problem in this thesis is to verify the

possibility of increasing the climbing speed of a given robot undergoing the rectilinear gait

of locomotion through the implementation of wheeling gait (for climbing the vertical or

near-vertical flat surfaces). Based on the first problem, the first hypothesis was defined

in chapter three. The first hypothesis states that the speed of climbing through wheeling

gait is higher than the speed of climbing through rectilinear gait for a given snake-like

robot that climbs from vertical or near-vertical surfaces. To address the first major problem

and hypothesis, a robot called “Marak II" is designed. The experiments concerning the

“Marak II" robot (for proof of first hypothesis) along with the way that the robot is designed

was explained in chapter 3 under "Design of Experiments" and "Design of Apparatuses"

headings.

To verify the first hypothesis, the experimentations on both gaits of locomotion are

conducted on the same surface, with a straight path, constant air pressure of 7 bars (applied
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to electro-pneumatic circuitry and equipments), and a constant inclination angle, and finally

on the same “Marak II" robot. Before putting the robot on the experimentation test bed,

each servo along with its attached assembly (in a single module) is calibrated. A simple

calibration platform is constructed to accomplish this task. The purpose of the calibration

is to match the zero position of the modules with each other. After calibration, the modules

are assembled together. Meanwhile the module wires on each side of the robot, are braided

together to reduce the noise effects.

Before conducting the experimentations, a few safety measures are implemented. The

first safety measure is the placement of an electrical circuit barker besides the operator’s

hand to cut off the electrical supply of the entire system (in case of emergency). The

second safety measure is the incorporation of different safety codes in dedicated scripting

programs of Robix. By activation of those programs, the servo motors or the solenoid

actuated valves of electro-pneumatic circuitry could de-energize at any given time. The

third safety measure is placement of the main pressure supply valve besides the test bed

so that the pressure could be cut out from the system at any time with ease (in case of any

emergency or malfunction). The forth safety measure is the placement of some styrofoam

blocks and some sponge sheets under the climbing test-bed to absorb the energy of falling

robot without damaging the robot parts (beneath figure 4-1, a yellow sponge sheet and a

white styrofoam block can be observed). The fifth measure was the placement of caution

signs around the test bed & equipments of robot to wary the people about possible danger

zone of the robot.

As has been mentioned earlier in chapter three, the “Marak II" robot is placed on a

swivel terrain. The swivel terrain is equipped with different replaceable flat surfaces made

of steel, glass, concrete, and wood. The robot showed full climbing capability on all types

of terrains with horizontal, vertical, or near-vertical surfaces. However, the robot showed

maximum climbing stability on the glass surface and showed lowest climbing stability on

the concrete surface (under different sets of swivel angle). The wooden surface obtained

average stability margins. Since it was already decided in "Research Assumptions" section

of chapter three to incorporate wood on the test-bed, the experimentations are performed

on wooden surface. As has been stated before, the straight path is chosen as the main
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Figure 4-1: “Marak II" on test bed

comparison path for both gaits of locomotion. The wooden test bed has the length of 144.5

cm and the width of 82.2 cm. The length of the robot for both gaits is defined as the

distance from the start of the first module to the end of the tenth module. The length of

robot is 399 mm. While the actual length of robot (on a vertical or semi-vertical surface)

is defined as the distance between top and bottom of the robot. The robot under wheeling

or rectilinear gait has got different actual lengths. The maximum actual length of the robot

under rectilinear gait is almost 399 mm and the minimum length of the robot under the

same gait is almost 385 mm (the reason for inaccuracy of measurement is the deflection

of suction cups plus inaccuracy in following the theoretical CGT). While, the maximum

actual length of the robot under the wheeling gait is almost 335.5 mm and the minimum

length of the robot under the same gait is almost 304 mm. As can be seen, the actual length

of the wheeling gait is always smaller than the actual length of the rectilinear gait. As

mentioned, the test bed has the length of 1445 mm and can accommodate the execution of

at least three full gaits of locomotion of wheeling or rectilinear gaits. However, since wires

and tubes of the tethered robot put some extra load on servos (specially nearby the edges

of the test surface), it is decided to run each gait of locomotion just twice and run each
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experimentation trice under the same conditions.

After placing the robot on the surface of locomotion, the robot is subjected to the pro-

posed GCT. The proposed GCT of the rectilinear gait is shown in chapter three in table

3.2, while the proposed GCT of the wheeling gait is demonstrated in table 3.3 (proposed

gait sequences can be seen in figure 3-2 and 3-3 for rectilinear and wheeling gaits re-

spectively). The trajectories of each servo of the robot (under both gaits of locomotion) is

of trapezoidal velocity type. All the servos are ordered to move under the same speed for

both gaits of locomotion, meanwhile the applied pressure on electro-pneumatic circuitry is

set at 7 bars. For experimentation, the swivel terrain was placed in vertical posture. After

execution of each two gaits of locomotion (of wheeling or rectilinear gaits of locomotion)

the distance of travel of the robot plus the time of travel is measured. Then the distance of

travel is divided by twice the travel time to produce the speed of locomotion of single gait.

The data out of three experiments are then averaged to get to the average velocity of each

gait of locomotion.

While performing the experimentations, it was found out that some servos bypassed

their limited dynamic torque (while they were stationary) however, these values were not

exceeding the maximum allowable torque limits nor they were beyond 10 seconds. The

maximum torque exertion on servos was observed in wheeling gait on a vertical (or in-

clined) terrain, where the common joint between link 2 and 3 (according to figure 3-1)

carried the maximum torque. The second highest torque was also observed in wheeling

gait on a vertical (or inclined) terrain, where the actuating servo of common joint between

link 1 and 1” carried out the second highest torque during the experimentations. Since the

CG of robot under the wheeling gait is much further away from the surface than the recti-

linear gait, and since there are less number of supporting suction cups on the surface in the

wheeling gait than the rectilinear gait, thereby it is more difficult to stick the servos to the

terrain of locomotion in the wheeling gait. So to reduce any chance of sticking failure, it

was decided to activate the suction cups just prior to the touch down. In fact, such use of

negative pressure was used more frequently on the initial tests, however the same technique

was used on both gaits of locomotion during the comparison tests.

During the experimentation it was found out that the stability of wheeling gait is lower
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than the rectilinear gait because during each step of wheeling gait, three modules were on

the ground and seven modules were up in the air, while during each step of rectilinear gait

at least six modules were on the ground. This lower stability and higher CG on wheeling

gait caused the landing suction cup to have higher tilt angle in wheeling gait with respect to

rectilinear gait. As a result of this phenomena, there is more air volume under the landing

suction cup in the wheeling gait than the rectilinear gait. In other words, the highest edge

of the landing suction cup (which has not undergone negative pressure activation) on the

wheeling gait was more away from the surface than the highest edge of the landing suction

cup on the rectilinear gait (the suction cups can accommodate up to 3.5 mm travel variation

in sticking height). So, under the same vacuum pressure, it takes more time to evacuate the

entrapped air in the wheeling gait than the rectilinear gait.

During the landing of suction cups, the inward folding of suction cup rims was ob-

served. To remedy this problem, the suction cup wall was further strengthened on the

touching edges. During the experimentations it was observed that if the gait steps were ex-

ecuted one after other without delay, the robot was deviating from the straight path. Since

the robot could not steer itself (to compensate for the generated errors) and because there

was no sensory feedback on successful adhesion, thereby it was decided to give some wait-

ing times between each step of the gaits. As a result of lower stability and loop shape of the

wheeling gait, the robot under the wheeling gait, had to have more waiting times between

each step. The waiting time depends on volume flow rate of air and active area of suction

cup. Active area of suction cup is dependent on body force. Therefore, correct calcula-

tion of waiting time needs correct calculation of flow rate and body force. The pressure

sensor can be used for checking the pressure in suction cup. As a result, optimum waiting

time for wheeling gait can be achieved by implementation of pressure, volume flow rate,

and torque/force sensors in system. The exact GCT could not be implemented as it was

planned in theory because the flexibility of suction cups, minor dimensional tolerances,

inaccuracy of potentiometers and minor control errors were preventing the robot to stick to

the surface in several occasions. To rectify this issue, some joints were given additional mi-

nor motions in favor or opposite to the theoretical values of GCT. This process was called

tuning of GCT. The tuning was performed in such a way that the robot had the climbing
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failure rate of less than one percent. The robot was asked first to move according to the

tuned GCT then immediately the robot was moved up to the the theoretical GCT. In this

manner the robot position and orientation was exactly according to the proposed GCT but

with very low climbing failure rates. The deviation from the theoretical GCT was more in

vertical motion than horizontal motion in both gaits of locomotion. At the same time, the

deviation was more in wheeling gait than the rectilinear gait of locomotion. As a conse-

quence of mentioned stability, required vacuum time, specific loop shape, vibration, GCT

deviation, and flexibility issues the wait-timings in wheeling gait almost took one by third

of the total travel time. While the same problems existed in rectilinear gait, they produced

much less issues in such a way, that the wait-timings were almost one by thirtieth of the

total travel time. Table A.4, A.5, and A.6 in appendix A show the single module dimen-

sions of “Marak II" robot, “Marak II" robot dimensions, and weight of parts in single unit

of “Marak II" robot. For result, please refer to section 4.2.1 of this chapter.

4.1.2 Experiments Related to the Second Hypothesis

The main aim of subsequent experimentations is to verify the proposed hypothesis (second

hypothesis). If the results of the experimentations follow the predicted results of formula-

tion, then the formulation will be proved. The six steps that lead to experimental verifica-

tion were briefly mentioned in chapter three subsection 3.6.2. These steps will be discussed

in detail in this chapter. As discussed in chapter three, the four bar planar mechanism is

the type of mechanism on which the experimentation is going to be conducted. The first

set of experimentations were conducted on “Marak II" robot and the second set of exper-

imentation were conducted on “Marak IV" robot. These two sets of experimentations are

discussed as follows.

4.1.2.1 First Set of Experimentations

As has been explained in chapter three, it was decided to experiment the second hypothesis

on a four bar mechanism. Due to mentioned selectional reasons (which are discussed in

subsection 3.7.2.1), firstly the “Marak II" was selected for verification of the second hy-
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pothesis. The four bar mechanism was formed from “Marak II" through locking of some

of the joints. In addition to electrical locking of joints (similar to the first hypothesis exper-

imentations), the joints were locked physically through tightening screws and gluing the

parts. During this experimentation, the desired trajectory parameters (including position,

velocity, and acceleration) are provided to the robot. The generated toques out of execution

of these desired parameters is then recorded. Afterwards, the values of the experimentally

generated torques are being compared with the values calculated by the proposed formu-

lation. So, the goal in this sets of experimentations is to experiment the “Marak II" on

the vertical or horizontal terrain undergoing one step of the wheeling gait (one step ver-

tical locomotion procedure of the wheeling gait is demonstrated in figure 3-14). As it

will be explained later in this subsection, this experimentation could not directly be used

for evaluation of the second hypothesis thoroughly, so new sets of experimentation were

planned, thereby the explanations of the experimental procedures in this section are brief.

The relevant methodology is explained already in chapter three, however some variations

took place that are going to be discussed as follows .

At first, each module of “Marak II" was numbered according to the same numbering

procedures which are discussed in section 3.6.1 of chapter three. Then the weights and

dimensions of the robot parts were measured directly. Afterwards, with the aid of the

weights and dimensions, a CAD model of the robot was generated. Then from the CAD

model, the CM and inertias of different parts were evaluated. Subsequently, the combined

imparted inertias of all parts of each mechanism’s link on its corresponding motor (known

as load inertia) was evaluated.

The next step was about deciding a desired trajectory for robot. Although, it was de-

cided to implement the fifth order polynomial as the desired trajectory, however due to

inherent simplicity of trapezoidal velocity profile, it was decided to first implement the

trapezoidal velocity profile and then try the fifth order polynomial. The evaluated physical

specifications along with the designed trajectory parameters were then fed to several Mat-

lab programs that calculated the inverse-dynamics of the mechanism based on the proposed

hypothesis.

For direct measurement of position, as explained earlier in chapter three, braided thin
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(a) Measured servo motor’s position of
“Marak II" during one step of locomotion

(b) Generated servo motor’s velocity of
“Marak II" during one step of locomotion

(c) Generated servo motor’s acceleration of
“Marak II" during one step of locomotion

Figure 4-2: Generated graphs of velocity and acceleration from position out of application
of first method

enameled wires were connected to one or few servo/s of four bar mechanism (for non-

redundant experimentation just one servo was connected to the braided wires). The wires

were then connected to Arduino Duo boards. The data from Arduino boards were then

recorded by a computer. Figure 4-3 demonstrates the connected three position wires (from

a white braided cable) which were initially installed to module number 6 of robot on semi

vertical terrain.

For the intended application of this thesis, there was no sensor for velocity and accel-

eration (nor any money was available for purchase of these sensors), so the velocity and

acceleration were estimated from the position data. Two different methods were used for

generation of velocity and acceleration from position graph. In first method, the recorded

position data were filtered and then differentiation was employed on them to generate the

velocity profiles. The velocity profiles were then filtered and the derivative was applied

on them to generate the acceleration profiles. For filtering, different filters were tested

and employed, however majority of work was done by moving average filter. Figure 4-2
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Figure 4-3: “Marak II" during position measurement on vertical terrain

demonstrates some of the initial trials on application of first method. Figure 4-4 shows the

application of moving average on the measured position and current data.

(a) Smoothing of measured position data of
“Marak II" servo motor

(b) Smoothing of measured current data of
“Marak II" servo motor

Figure 4-4: Smoothing of measured position and current data

The second method, incorporated the curve fitting on position graph. The curve fitting

showed more accurate results, so the entire data sets were curve fitted to reach accurate

velocity and accelerations values.

As explained earlier in chapter three, it was decided to measure torque through mea-

surement of current. Among the available current sensors in Pakistani market, the most

accurate high gain current sensors were selected. The first current sensor was the Alle-

gro Microsystem LLC’s ACS711. Although, according to catalog it produces 165 mv/A

however, according to the author’s measurements (in the most favourable conditions), it

generates 175 millivolts per Ampere with 4.94 volts of supply (to the sensor). The author

performed some experimentations with loaded and unloaded servo motor with trapezoidal

velocity trajectory. After which, the author found this sensitivity to be quite low for ac-

curate measurement. As a result, the current sensor was changed to Tamura L18P003D15
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Figure 4-5: HS-422 servo test bed

hall effect current sensor (that produces 1.46 v/A). Another issue in practical torque mea-

surement was the involvement of suction cup’s impact force and torque. In this work the

impact was modeled according to continuous model. The continuous model considers the

effect of geometric constraints and the forces associated with them in dynamic equations.

It considers that during the impact of bodies the impacting forces act continuously (sus-

tained contact). The continuous method generates more realistic model compared to dis-

crete method especially when friction forces are considered and when complex modeling

of multi-body systems are dealt with. The spring-dashpot method which is the subcategory

of continuous method according to Kim [174] was used in this work. So, the force of im-

pact was estimated according to spring-dashpot method and was added to the theoretical

results.

After set up of sensors, it is the time for setting up of the robot. Before placing servos

in any test beds, they were placed in a simple calibration test bed that could set the zero

position of the servo. After calibration and connection of wires and tubes, the robot was

placed on a predetermined point on the locomotion terrain. The air pressure was set at 6.5

bars. Then the swivel terrain angle was set in such a way that the possibility of falling

of the robot become less than one percent. After several experiments, the angle of 85
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showed the probability of fall with less than 1 percent. So the swivel terrain was fixed on

85 degree inclination slope. To find an accurate value of torque, it is necessary to find the

torque constant of every active servo. For this reason another test bed (which is called HS-

422 servo test bed) was made to accurately evaluate the motor’s torque constant (after five

experiments the average torque constant Km came out to be 4.888 N.m/amp ). At the same

time, the same test bed was used to measure other servo motor variables such as voltage

constant, stall torque and average rotor resistance (e.g. after five experiments the average

rotor resistance Rm was 7.3 ohm). The HS-422 servo test bed utilizes a water reservoir that

can easily be adjusted to different weights of water as a means to vary the exerted torque

on motor. Figure 4-5 shows this HS-422 servo test bed.

Although, great care was given to reduce the electrical noise to the lowest possible

value, but when even two servos were connected by enameled wires to the Arduino board,

the robot could not follow the given trajectory (under the noise, the robot started excessive

random chaotic motions). As a matter of fact, just one servo could be equipped with the

enameled wires (for acceptable motion). Hence, just one servo reading was recorded during

each step of locomotion.

The calculated and measured acceleration, velocity and position data were then placed

on the formula (of second hypothesis) to generate the torques. The measured current read-

ings were multiplied to the obtained torque constant to calculate the practical implemented

torques. The result of suction cup impact forces/torques (with the terrain of locomotion)

were then added to the theoretical torque results. Finally the average practical torques were

compared with the average theoretical torques.

The minimum experimentation goal in this work is to evaluate the second hypothesis

under non-redundant scenario. Since by this apparatus the obtained results were not accu-

rate enough (due to noise and inherent issues of potentiometers) therefore, it was decided

to shift to a new experimentation apparatus. Thereby the results of these experimentation

are not discussed in result subsection of this chapter.
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4.1.2.2 Second Set of Experimentations

As explained in the previous chapter (section 3.6.2) and previous subsection (subsection

4.1.2.1), the experimentations on the second hypothesis are finally carried out on an actual

four-bar mechanism called “Marak IV" Robot and its software based model. The second

set of experimentations are carried out on non-redundant “Marak IV" Robot.

(a) Servo test bed with non uniform load (b) Servo test bed with a single link of
“Marak IV" robot

(c) “Marak IV" robot’s test bed with shock
absorbing and motion retarding elements
with non-geared servos

(d) Labview program environment depict-
ing velocity and torque graphs after running
a sample test on “Marak IV"

Figure 4-6: Different test beds for T ST 06401C−7T servo motor plus the Labview program
environment

The experimentations are carried out in several steps (according to the six steps of
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chapter three available in subsection 3.6.2). These steps that contain are briefly described

as follows:

1. The physical parameters of the “Marak IV" robot including lengths, masses, and in-

ertias are found directly and indirectly. These parameters for non-redundant case are

provided in appendix A in table A.3 (where ai, li, mi, Ii are link length, link length

to the center of mass, mass, and moment of inertia associated to link i respectively).

The parameters that are found directly are mass and length. The inertias of differ-

ent components are found from CAD software (through indirect measurement). The

inertias of the mechanism or part/s of the mechanism are found through CAD and

theoretical formulations. The theoretical calculation of inertia follows the works of

Siciliano et al. [131] and Incerti [175].

2. The “Marak IV" robot is accurately assembled with one servo in such a way that the

parts follow the designed emplacements of the CAD drawings.

3. Each component is named according to the naming procedure adopted in figure 3-1.

For non-redundant case the servo motor is placed at joint one.

4. The home position is selected to be fixed on 53 degrees of θ1′ as depicted in figure

3-1 (this step is a part of the first step of the six steps).

5. The trajectory of the robot is designed. Refer to sub-subsection 4.1.2.2.1 "Trajectory

Design for Second Set of Experimentation" for further elaboration.

6. The trajectory parameters (positions, velocities, and accelerations) are fed to motion

simulation software (that has the CAD model of the robot) for the following two

reasons:

I. For verification of the proposed second hypothesis in motion simulation soft-

ware.

II. To acquire the speed control function of the trajectory for practical experimen-

tations (for non-simulation based experimentations)
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The detail of both above mentioned procedures is explained in upcoming sub-subsection

4.1.2.2.2 entitled "Experimental Simulation and Build up of Speed Control Function"

(this step is the second step of the mentioned six steps).

7. The data of the motors are recorded. The recordings of torque, position, and velocity

of servo is repeated 12 times. So every step that is necessary for recording of the

data also happens 12 times. Out of 12 sets of data, the most noisy signal is discarded

and the remaining 11 sets are chosen for analysis. To record the data, the generated

speed control function (from previous step) is fed to a Labview program that runs

on a PC (a.k.a host controller). The Labview program works along with DAQNavi

(from Advantech 1) and Instacal (from Measurement Computing 2) softwares and

their drivers. The Labview program sends and receives data, command, or feedback

to/from the servo drive via IO and DAQ cards. The cards are connected to ADAM-

3937 and ADAM-3968 wiring boards through PCL-10137H cable. The PCL-10137H

cable is specially designed to reduce noise with the aid of shielding, sheathing, and

twisting. The servo executes the commands of Labview program (e.g. the program

sends the servo to the home position or orders the servo to follow a predetermined

path, to name a few). Then the servo drive sends the acquired data (including the

position, velocity, and torque) back to the Labview program. The Labview program

then stores the fetched data.

Before performing the experimentation on the robot, some preparatory procedures

and experimentations took place which are briefly described as follows:

∙ The hardware components (including the Isolation Circuit, servo, servo con-

nections, digital & analogue outputs & inputs, circuit breakers, supply cables,

earth cables, and EMC switch) were tested. The tests were conducted mainly

for checking the proper functionality of components, their range of operation,

and range of input/out put variables (e.g. checking the analogue out put of the

servo under load and with out load, checking the analog torque output of USB

1http://www.advantech.com/
2www.mccdaq.com
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board, or checking of the values of the counters of drives, to name a few). Some

of these tests are described in the following items.

∙ The current consumption of majority of parts plus their voltages were checked

against the designed specifications.

∙ The behaviour of 1208 f s USB board in pulled up and pulled down conditions

was checked.

∙ Before operating the servo motor, the T STA20C drive is tested for the entire set

of the functions.

∙ Multiple modes of operation including position, velocity, and torque modes

along with switching techniques between them were checked on the servos.

∙ A test servo was operated with servo drive 1 and preset RPMs of 150 and 200,

through which the entire outputs of the system (e.g. the actual motor torque,

motor velocity, and external voltage command values) were checked.

∙ Some input contact states of the servo drives were changed.

∙ The servo offsets were set.

∙ The DAQ cards were calibrated.

∙ The manual and auto tuning methods were applied to the servo. The auto tune

on non loaded servo was examined in off-line as well as online scenarios. Un-

der load, the auto tune was either not working or it was either not according

to accuracy expectations of this thesis. Therefore the loaded servo was tuned

manually and the tuning parameters (such as rigidity setting and load-inertia

ratio, to name a few) were set in the servo controllers.

∙ Different tuning tests were conducted on servo including the noise based and

graph based methods. The graph based tuning gave much better results.

∙ The positive and negative directions of rotation were selected.

∙ The ground voltages of IO cards, DAQ board, servo and encoder w.r.t. earth

voltage were measured and appropriate isolation techniques were used to get

rid of the bias voltages.
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∙ Different control methodologies were implemented on the test servo, fore ex-

ample the sliding control method and computed torque control was imple-

mented. Finally the joint space PI control methodology was adopted. The

tuning of PI parameters including the position control loop’s P gain, and veloc-

ity control loop’s P & I gains were set for each type of load.

∙ For getting familiarity with the servo (e.g. checking different motion and con-

trol parameters) and for protecting it against any undesired operational misuse,

the experimentations, on servo, started firstly without any load, then a non uni-

form load was added to a servo that had the capability of full rotation (sub-figure

(a) of figure 4-6 demonstrates the non uniform load test bed), afterwards the

servo was connected to just one link of the robot (according to sub-figure (b)

of figure 4-6), subsequently the servo was placed in the mechanism with some

shock absorbing and motion retarding elements, finally some of the shock ab-

sorbing and motion retarding elements were removed from the mechanism to

form a complete “Marak IV" non-redundant robot.

The same test bed set ups were build up around the same servo motor with-

out its gearbox. However, during different testings, it became evident that the

T ST 06401C− 7T servo motor can not handle the dynamic/static forces of ei-

ther RSS or “Marak IV" robots without the gearboxes. Hence, the results of

these experimentations are not present in the results section. Sub-figure (c)

of figure 4-6 demonstrates the redundant test bed with shock absorbtion and

motion retarding elements of the T ST 06401C − 7T servo motors without the

gearboxes.

All the above mentioned test beds, underwent the six step procedures of chapter

3. Out of all the aforementioned experimentations, the results of the completed

“Marak IV" test bed either with redundant or non-redundant configurations is

presented in the results section of this chapter.

∙ The sampling time in Labview program was set at 10 milliseconds and number

of samples per experimentation was set at 125 samples (during the 1.25 s of
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Figure 4-7: Non-redundant configuration of “Marak IV" robot

motion).

∙ The Labview program was tested off-line, online, with single idle servo, with

single servo attached to single robot link, and finally with a complete mecha-

nism. Some of the results of running a sample 65 degrees motion test on “Marak

IV" robot in Labview environment is shown in sub-figure (d) of figure 4-6.

The following procedure is adopted to achieve the readings of the servo motor:

I. The robot is assembled into its original four bar mechanism configuration (sim-

ilar to figure 4-7 ).

II. The robot is homed to 53 degrees of θ1′ (this step is part of the first step of the

six steps).

III. The speed control function is fed to the servo motor to obtain the loaded torque

output of the servo motor.

IV. The obtained torque outputs of the servo motor plus position outputs along with

the actual velocity profiles are recorded (this is the forth step, from the men-

tioned six steps).
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8. The theoretical torque of actuation of the mechanism shall be calculated based on

the proposed hypothesis formulation (3.2) and the same trajectory parameters of the

previous steps according to the following subsection 4.1.2.2.3 (this step is the fifth

step of the aforementioned six steps).

9. The practically obtained torque outputs of the servo are noisy. An averaging filter is

applied to the obtained torques to smooth them up.

10. The repeatability of the experimentations is checked by comparing the data of each

experiment with the average data of 11 experiments. The RMS error value shall be

calculated based on equation (3.84) of chapter 3.

11. The practically obtained torque output of the servo motor in the mechanism is com-

pared with the theoretically computed torque outputs of servo motor of the mecha-

nism (this step is the sixth step of the aforementioned six steps). The comparison

also takes place in Matlab software. The result of the comparison along with the

repeatability error is discussed in the results section of this chapter.

4.1.2.2.1 Trajectory Design for Second Set of Experimentation

The trajectory design topic was already discussed in chapter three in subsection 3.6.2.1 .

In this subsection, the implementation of the designed trajectory is discussed. As it was

mentioned (in subsection 3.6.2.1), the fifth-order polynomial trajectory is selected among

possible trajectories. The fifth-order polynomial is defined for the desired angle θd(t) in

the following form:

θd (t) = a0 +a1t +a2t2 +a3t3 +a4t4 +a5t5 (4.1)

The initial value of angle θd is set to be 53.455 degrees (in other words θd(0)= 53.455π/180

rad). The final value of the angle θd is set to be 113.455 degrees (in other words θd( f ) =

113.455π/180 rad). As stated in chapter three, the initial conditions for start and stop at

each point, is proposed to be zero for velocity, and acceleration. As a result, the following

165



equations are obtained if the trajectory duration is considered to be t f .

θ̇d (0) = 0, θ̇d
(
t f
)
= 0, θ̈d (0) = 0, θ̈d

(
t f
)
= 0 (4.2)

By having the above mentioned initial conditions (and consulting the works of Kozlowski

[163] and Williams [176]), the following results are obtained from equation (4.1).

a0 = 53.455π/180 rad (4.3)

a1 = 0 rad (4.4)

a2 = 0 rad (4.5)

a3 = 10π/3t3
f rad (4.6)

a4 =−5π/t4
f rad (4.7)

a5 = 2π/t5
f rad (4.8)

By having the constants of polynomial (the above equations), the following equations are

obtained from equation (4.1).

θd (t) = 53.455π/180+10πt3/3t3
f −5πt4/t4

f +2πt5/t5
f rad (4.9)

θ̇d (t) = 10πt2/t3
f −20πt3/t4

f +10πt4/t5
f rad/s (4.10)

θ̈d (t) = 20πt/t3
f −60πt2/t4

f +40πt3/t5
f rad/s2 (4.11)
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In the mentioned fifth-order polynomial, the maximum velocity is obtained when the accel-

eration reaches zero. Thereby, the following result is obtained from equating the equation

(4.11) to zero:

tvMax = t f /2 (4.12)

Equation (4.12) states that the maximum velocity is obtained at the middle of the trajectory

duration (t f ). So, the (t f /2) can be placed in equation (4.10) to obtain the maximum load

velocity as follows:

θ̇d (t)loadMax
= 5π/8t f rad/s (4.13)

The following formula is the jerk equation that is obtained by differentiating the equa-

tion (4.11) w.r.t. time.

...
θd (t) = 20π/t3

f −120πt/t4
f +120πt2/t5

f rad/s3 (4.14)

In the mentioned fifth-order polynomial, the maximum acceleration is obtained, when

the Jerk reaches zero. The time in which this maximum load acceleration is achieved, is

calculated from equating the equation (4.14) with zero, accordingly:

taccloadMax
= 0.211325t f s (4.15)

The amount of this maximum load acceleration is calculated from placing the equation

(4.15) in equation (4.11), accordingly:

θ̈d (t)loadMax
= 6.0460/t f

2 rad/s2 (4.16)

To obtain the maximum absolute load torque, it is enough to get the load’s moment of

inertia (JL), and use the Newton’s second law as follows:

τ (t)loadMaxAbsolute
= 6.0460JL/t f

2 N.m (4.17)

The gear ratio for the servo motor is 1/10. By simplifying and counting the friction to be
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negligible, the following relations are obtained for the servo motor’s velocity, acceleration,

and torque (Note: the reduction gear box, increases the torque and reduces the speed of the

servo end shaft):

θ̇d (t)motorMax
= 50π/8t f rad/s (4.18)

θ̈d (t)motorMax
= 60.460/t f

2 rad/s2 (4.19)

τ (t)motorMaxabsolute
= 0.60460JL/t f

2 N.m (4.20)

From the data sheet of the servo motor T SC06401C, the following data are obtained:

τ (t)motorMax
= 3.822 N.m (4.21)

τ (t)motorrated
= 1.274 N.m (4.22)

θ̇ (t)motorrated
= ω (t)motorrated

= 3000 RPM= 314 rad/s (4.23)

The trajectory duration t f can be set to optimal value, however a safe value is obtained

when considering the rated speed and rated torques of the servo motor. Since it is not

important in this test to get to the minimum trajectory duration, the trajectory duration is

set with the maximum motor speed of 150 RPM (to be on the safe side) from equation

(4.18) accordingly (note again that when the value of t f /2 is given to equation (4.10), in

fact the maximum speed that the load will achieve is going to be calculated based on t f ).

50π/8t f = 15.7079 rad/s (4.24)

Therefore the value of trajectory duration is:

t f = 1.25 s (4.25)
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The maximum JL is calculated from Incerti formulation [175] as :

JLMax = 0.06 kg.m2 (4.26)

By substituting t f in equation (4.20), the value of maximum torque is calculated accord-

ingly:

τ (t)motorMaxAbsolute
= 0.6041133×0.06/t f

2 N.m (4.27)

This value is lower than the rated torque of 1.274 N.m from the equation (4.22). Now,

the constants of the polynomial are obtained from (4.3), (4.4), (4.5), (4.6), (4.7) and (4.8)

accordingly:

a0 = 53.455π/180 = 0.9329 rad (4.28)

a1 = 0 rad (4.29)

a2 = 0 rad (4.30)

a3 = 10π/3t3
f =−5.361651 rad (4.31)

a4 =−5π/t4
f = 6.433981 rad (4.32)

a5 = 2π/t5
f =−2.058874 rad (4.33)

According to equations (4.11), (4.15), and (4.16), the maximum acceleration (of load) is

obtained around 0.264156 seconds with the value of 3.866944 rad/s2. According to equa-

tions (4.10), (4.12), and (4.13), the maximum velocity (of load) is obtained in 0.625 seconds

with the value of 1.570796 rad/s.

With the calculated polynomial constants, the entire fifth order polynomial equation is

formed. The obtained polynomial equation is fed to the motion simulation software for
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Table 4.1: Equations of desired position, velocity and acceleration

No. Name of equation Equation Unit

1 Desired position polynomial θd (t) = 0.29697π +1.7067πt3 −2.048πt4 +0.65536πt5 (4.34) rad

2 Desired velocity polynomial θ̇d (t) = 5.12πt2 −8.192πt3 +3.2768πt4 (4.35) rad/s

3 Desired acceleration polynomial θ̈d (t) = 10.24πt −24.576πt2 +13.1072πt3 (4.36) rad/s2

generation of voltage commands. From the obtained polynomial equations of position,

velocity and acceleration, the following table 4.1 is formed.

From the obtained table 4.1, the following plots of position (4-8), velocity (4-9), and

acceleration (4-10) are generated with the help of Matlab software 3. These graphs are

going to be used for comparing the theoretical and experimental results in a later section

for evaluation of hypothesis. The Matlab software is selected here because of its extensive

capabilities in handling the matrices, its vast database on robotics topics, availability in

UET, and prior familiarity with the software.

4.1.2.2.2 Experimental Simulation and Build up of Speed Control Function

For simulation and build up of speed control, three dimensional plot of the test-bed (of

non-redundant configurations) with physical properties (e.g. mass) is fed to the motion

simulation software. The three dimensional plot is the simplified versions of CAD draw-

ings. The original CAD drawings, had so many parts that the simulation software was not

able to handle, so a simplified version of CAD drawings is selected. Then the constraints,

joints, and directions of rotation of the mechanism are set within the software’s environ-

ment. Figure 4-11 shows the “Marak IV" in the motion simulation software’s environment.

As stated before, a fifth-order trajectory is designed. The initial conditions of the de-

signed trajectory is same as what was discussed in subsection 4.1.2.2.1. However, it should

be noted that in this work the initial θ1′ is equal to θd (which is equals to 120 degrees) mi-

3 http://www.mathworks.com
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Figure 4-8: Fifth order position plot

Figure 4-9: Velocity plot of fifth order polynomial
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Figure 4-10: Acceleration plot of fifth order polynomial

Figure 4-11: “Marak IV" in simulation software’s environment
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nus the 6.545 degrees (which is the angle between CM and θd of link 1′). It is desired to

have at least 600 samples during the motion interval of 1.25 s. So for the verification of

the second hypothesis through simulation, a higher number of samples which is 1250 sam-

ples is selected. However, for real experimentations with “Marak IV" setup, the designed

125 samples is used (as explained in chapter three). Based on the equation (4.1) and the

constants obtained from equations (4.29), (4.30), (4.31), (4.32), and (4.33), the following

equation is fed to the motion simulation software:

θd (t) = 2.0944−5.361651t3 +6.433981t4 −2.058874t5 rad (4.37)

The above equation unit (equation (4.37)) is converted to the degrees accordingly:

θd (t) = 120−307.2t3 +368.64t4 −117.9648t5 ∘ (4.38)

The velocity of the equation (4.37) in rad/s is :

θ̇d (t) =−16.084953t2 +25.735924t3 −10.29437t4 rad/s (4.39)

The mentioned designed trajectory is fed to the motion simulation software. Afterwards,

the simulation is executed in the motion simulation software and the results are recorded.

The motion simulation software that was used in this thesis could not handle the redun-

dantly actuated mechanisms. Several other available motion simulation softwares were also

checked but they could not handle redundant actuation either. So, just the non-redundant

case could be verified through simulation (against the second hypothesis). The data of po-

sition, velocity, acceleration, and torque of non-redundant “Marak IV" are demonstrated in

figures 4-12 and 4-13 in results section. These results are compared with the theoretical

results that were obtained from the designed trajectory and physical properties of “Marak

IV" depicted in table A.3 in appendix A from the proposed formulation.

For build up of speed control function, the velocity data of motion simulation software

is divided by 12 and then it is fed 12 times to the servo motors through Labview program.

The division by 12 is due to the conversion of degrees per second to RPM, selection of 200
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RPM for maximum speed of the servo motor(s), and the gear ratio of 10.

4.1.2.2.3 Theoretical Computation of Inverse Dynamics of the Mechanism

According to the proposed experimental methodology in chapter three, the theoretical in-

verse dynamics of the mechanism, is calculated from the new inverse dynamics formula-

tion, developed by the author. “Marak IV" robot resembles a four bar mechanism. This

mechanism has one closed loop. If the frame assignments of the entire spanning tree is

based on the Siciliano’s work [131], a figure similar to figure 3-1 is generated. For “Marak

IV" the β is equal to 2π . As stated before, it is proposed to cut the closed loop at link

number three. The theoretical computation of the inverse dynamics of the mechanism, for

non-redundant case based on the above mentioned conditions, is calculated according to

the simplified step-by-step procedure of chapter three subsection 3.5.2.1. The physical

data of “Marak IV" robot in table A.3 of appendix A are used for obtaining the solution of

non-redundant case.

The detailed solution of non-redundant case is lengthy, so it is not fully discussed here.

However, since the solution of non-redundant case resembles the example of chapter three,

the readers are advised to check chapter three section 3.5.2.2. Nevertheless, the closed loop

torque τc of non-redundant cases is shown in following equation (4.40).

τc =
[

1
]+

×
[

1 −1 1 1
]


τ1′

τ2′

τ3′

τ2′′

= (τ1′ − τ2′ + τ3′ + τ2′′) (4.40)

Note:
(

I −
(
ST)+ (ST)= 0

)
.

The value of the joint torques (e.g. τ2′ or τ3′) is calculated from the desired theoretical

values of acceleration, velocity and position of joints, equations (3.53), (3.65), (3.75), &

(3.52), and from angles θ1′ ,θ2′ , θ2′′ , and θ3′ .
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Table 4.2: Motion parameters

No. Technical specifications Wheeling gait Rectilinear gait

1 Maximum speed of servo motor of each
module in trapezoidal velocity profile

3.6 s/rev 3.6 s/rev

2 Test one’s vertical distance of travel on
wooden testing bed for two cycles

755 mm 23.2 mm

3 Test two’s vertical distance of travel on
wooden testing bed for two cycles

750 mm 24.1 mm

4 Test three’s vertical distance of travel on
wooden testing bed for two cycles

761 mm 23.6 mm

5 Average vertical distance of travel on
wooden testing bed per cycle

378 mm 11.82 mm

6 Test one’s time of travel on wooden testing
bed for two cycles

75 s 22.1 s

7 Test two’s time of travel on wooden testing
bed for two cycles

74.1 s 22.5 s

8 Test three’s time of travel on wooden testing
bed for two cycles

75.8 s 22.3 s

9 Average time of travel on wooden testing bed 37.5 s 11.15 s
10 Average velocity of travel on wooden testing

bed
10.08 mm/s 1.06 mm/s

The results of non-redundant case is utilized in result section of this chapter for verifi-

cation of both simulation and practical results.

4.2 Results

4.2.1 Results Related to Experiments of the First Hypothesis

The climber robot demonstrated the rectilinear and wheeling gaits of locomotion and could

satisfy its design parameters. However, due to the accumulation of some errors (as men-

tioned in experimentation section), the robot demonstrated a maximum of 7 degrees of de-

flection from its theoretical GCT. The wheeling gait demonstrated lower stability than the

rectilinear gait. The experimentation were conducted three times under similar conditions

for both rectilinear and wheeling gaits of locomotion. The results of these experimentations

is shown in table 4.2.

Although the wait-timings for wheeling gait is almost 10 times the wait-timings for

rectilinear gait however, as can be seen from table 4.2, still the wheeling gait is much

faster than the rectilinear gait. The comparison of the results and the concluding remark
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about them is presented in the conclusion chapter.

(a) Comparison of trajectory position data of “Marak IV"
and its motion simulation position trajectory data

(b) Comparison of trajectory velocity data of “Marak IV"
and its motion simulation velocity trajectory data

Figure 4-12: “Marak IV" comparison of position and velocity in simulation with theory

4.2.2 Results Related to the Experiments of the Second Hypothesis

The first set of results in this subsection belongs to software based verification of the sec-

ond hypothesis while the second set of results, belongs to experimental verification of the

second hypothesis.
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4.2.2.1 First Set of Results (Simulation Results)

The presented results, belong to the experimentations that were discussed in subsections

4.1.2.2.2 and 4.1.2.2.3 of this chapter. The generated position, velocity, acceleration, and

torque of “Marak IV" robot in the motion simulation software along with the generated

position, velocity, acceleration, and torque from the proposed theoretical formulations are

shown in figure 4-12 and 4-13 respectively. As it can be observed from 4-12 and 4-13

figures, the calculated and simulated trajectory data are same, however there is an accept-

able difference between the theoretically calculated torque data and the simulation torque

data. Difference between theoretical and simulation torque data is primarily because of

parametric variances and limitation of motion simulation software.

4.2.2.2 Second Set of Results

The second set of results deals with non-redundant “Marak IV" robot. Before displaying

of results, it shall be mentioned that in addition to the described experimentation results, a

separate seven step procedure similar to works of Lyzell et al. [157] was followed, through

which the torques of the servos inside and outside the mechanism were measured. Then the

torques of the servos outside the mechanism was added to theoretically calculated torques

of the mechanism without the effect of servo(s). Afterwards the result of this addition was

checked against the practically measured torque. In other words, for a given trajectory pa-

rameters, the practically obtained torque output of the servo motor(s) in the mechanism was

compared with the addition of practically obtained torque outputs of servo motors(s) (which

were out of mechanism) and the theoretically computed torque outputs of the mechanism

without the effects of servo motor(s) (which is obtained from the proposed formulation

(3.2)). Figure 4-14 demonstrates the setup for measurement of torque of servo motor out-

side the mechanism. After spending quite time and resources, the results of such outside

and inside measurements were not satisfactory, because of not having proper alignment

tools and test beds. As a result, they are not being presented here.

In this section, the results of theoretical and computed torques of “Marak IV" robot are

going to be demonstrated. As a result, first the value of theoretical torque felt by the motor
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(a) Comparison of trajectory acceleration data of “Marak
IV" and its motion simulation acceleration trajectory data

(b) Comparison of theoretical torque data of “Marak IV"
and its motion simulation torque generated data

Figure 4-13: “Marak IV" comparison of acceleration and torque in simulation with theory

is calculated. This calculation is based on a simplified friction model of the “Marak IV"

robot (according to Mittal et al. [36] ). Figure 4-15 depicts the theoretically calculated

torque of the “Marak IV" robot (from the proposed methodology) imparted on the motor

of the robot.

The next result in figure 4-16 is the measured mean torque of 11 sets of experimenta-

tions along with their deviation from the mean value. From this figure the repeatability of

the experimentations can also be observed.

The comparison of the theoretically computed torque calculated from the proposed for-

mulation and average measured data is depicted in figure 4-17. The difference between
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Figure 4-14: Demonstration of servo torque measurement technique outside the mechanism

Figure 4-15: Theoretically calculated torque of the “Marak IV" robot (from proposed for-
mulation) felt by servo motor
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Figure 4-16: Average of 11 measured torques along with their deviations which are im-
parted on non-redundant “Marak IV" motor

Table 4.3: RMS torque values of “Marak IV" data obtained by comparing the theocratical
and experimentation data

Experimental data set f irst second third f orth f i f th sixth seventh eight ninth tenth eleventh
RMS value (N.m) 0.1032 0.1041 0.1030 0.1047 0.1027 0.1040 0.1050 0.1053 0.1050 0.1051 0.1053

these two graphs constitutes the error signal. The RMS values of the error signals that are

obtained by comparing the torque data of theoretical calculations and measured experimen-

tal data is presented in table 4.3. The mean of 11 mentioned RMS values of torque signal

is equal to 0.1040 (N.m). The comparison of the results and the concluding remark about

them is presented in the conclusion chapter.

4.3 Summary

This chapter starts from the experimentations on the first hypothesis. Both rectilinear and

wheeling gaits of locomotion are tested with “Marak I" robot on the swivel terrain. The

speed of locomotion of robot on both gaits is measured and the comparison between their
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Figure 4-17: Average measured torque versus theoretically computed torque of non-
redundant “Marak IV" robot

speed is discussed in results section. Then the experimentation related to the second hy-

pothesis is described. The experimentation on the second hypothesis was subdivided into

two sets of experimentations. In the first set of experimentations, the author tries to eval-

uate the second hypothesis on the “Marak I" robot. Some of the results related to the first

set of experimentations is presented in results section. The second set of experimentation,

validates the second hypothesis on a four bar robot called “Marak IV". In the second set of

experimentation, the second hypothesis is validated both through simulation and physical

experimentations. Finally the comparison between the theoretical results (that stem from

the second hypothesis) against the simulation and physical experimentations is presented

in results section. To sum up, this chapter discusses the way through which the experimen-

tations are conducted on two major problems of this thesis. At the same time the results of

these experimentations are presented.
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Chapter 5

Conclusion

This thesis tackles two major problems and addresses them through two hypotheses. The

first major problem is to explore the possibility of increasing climbing speed on climber

snake-like robots through the implementation of wheeling gait. Such a problem is ad-

dressed through the first hypothesis using experimentation on a snake-like robot called

“Marak II". The development and experimental validation of “Marak II" robot is detailed

in [3]. The next problem is the development of a unified mathematical formulation for in-

verse dynamics calculation of controllable parallel mechanisms, having any type of active

and/or passive actuators under both link and joint cutting approaches. The second problem

is addressed by defining a two step hypothesis for inverse dynamics formulation of men-

tioned mechanisms. The second hypothesis is initially proved mathematically. Moreover,

the second hypothesis was also proved using simulations as well as physical experimenta-

tions on a robot called “Marak IV".

The following detail contains the concluding remarks and summary of obtained results

from the experimentations on two hypotheses of this thesis.

By observing the results related to the experiments of the first hypothesis, which is

shown in table 4.2, it can be observed that the maximum speed of servo motor for both

gaits of locomotion is same. Meanwhile, same velocity profile is used on both gaits of

locomotion. From depicted result, the average speed of wheeling gait on vertical wooden

terrain is 10.08 mm/s while the average speed of the rectilinear gait under the same condi-

tion is 1.06 mm/s. Thereby, the average speed of the wheeling gait is almost 9.5 times the
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speed of the rectilinear gait (in a straight path). As a result of such a 9.5 times difference

in speed results, the proposed hypothesis (first hypothesis) is proved. The major limiting

factor in these results was very high wait-timings of the wheeling gait, as discussed in sec-

tion 4.1.1. In other words, if the wait-timings were going to be equal for both gaits of

locomotion, the wheeling gait could demonstrate much higher velocities. These waiting

times can be optimized by implementation of pressure, volume flow rate, and torque/force

sensors.

The second hypothesis is a two step procedure that has got mathematical roots. Thereby,

the author tried to prove the second hypothesis mathematically in "second hypothesis

proof" section of third chapter (section 3.5.2). By observing the equality of equations

(3.40) and (3.2) in third chapter, it is argued that the second hypothesis is proved mathe-

matically. However, in addition to mathematical proof the author was asked by one of his

supervisors to prove the second hypothesis through simulation and physical experimenta-

tions.

The simulation results depicted in figure 4-12 and 4-13 demonstrate that the joint

position, velocity and acceleration results of theory are totally similar to simulation results.

Figure 4-13 depicts minor deviation on torque data generated from proposed theoretical

formulation w.r.t simulated results. The combination of simulation software and hardware

were incapable of handling the real three dimensional CAD file of the “Marak IV" robot. As

a result some simplification had to be carried out on the model that created some acceptable

deviations. As a result, the second hypothesis is stated to be proven through simulation.

Figure 4-17 shows the theoretical as well as experimental results. The theoretical result

shown in the figure was obtained by considering some assumptions, as briefly mentioned

in section 3.3. The simplifications were based on general design approach of simplifying

things. Nevertheless, still with all the simplifications the available personal computers were

struggling to effectively execute the Matlab codes. However, the theoretical result is similar

to experimental findings as can be seen from the figure. Thereby, it can be stated that the

second hypothesis is also proved experimentally through “Marak IV".
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5.1 Future work

Regarding the first hypothesis the author believes that the following proposals have got

some place in future works:

∙ Performing optimal control analysis on robot can optimize several of its parameters

(such as increasing climbing speed or decreasing energy consumption). The opti-

mal control can also provide accurate theoretical estimates of maximum obtainable

results that can be achieved from the system when it undergoes a set of idealized

conditions. To achieve this goal, it is proposed to make another snake-like climber

robot with accurate sensors for position, torque, velocity, pressure and temperature

that can realize such a control task.

∙ Developing a spacial climbing robot that could have steering capabilities.

∙ Developing a robot with a feedback sensory system that could recognize the accurate

sticking.

∙ The speed of climbing can be further increased by reducing the wait-timings. Even

the wait-timing can be reduced to zero by implementing a dynamic gait of locomo-

tion. The dynamic gait of locomotion can be implemented on climber robots with

the aid of different types of astrictive means such as dry adhesives or electro adhesive

means.

∙ The snake-like climber robot can further mimic the nature by following the serpentine

or serpenoid curves.

Regarding the second hypothesis the author proposes the following future works:

∙ The proposed formulation shall be mixed with different control theories to have a

theoretical formulation that covers control aspects of motion.

∙ For simulation validation it is proposed to build a much simpler robots than "Marak

IV" or RSS robots.
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∙ For experimental validation it is proposed to implement the sliding control mode on

any test bed robot.

.
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Appendix A

Tables

Table A.1: HS-422 servo motor specifications

No. Technical specifications
1 Type of motor 3 pole ferrite
2 Type of control system PWM 1500 micro seconds neutral
3 Type of bearing Dual oilite
4 Type of gear Nylon
5 Range of operating voltage from 4.8 to 6 volts
6 Speed during no load (4.8V/6V) defined per 60∘ (0.21/0.16 sec)
7 Range of operating temperature From −20∘c to +60∘c

8 Stall torque in kg.cm (4.8V/6V) (3.3/4.1)
9 Potentiometer drive Indirect drive
10 Operating angle 45∘/ a single side pulse traveling by 400 micro seconds
11 Direction Clockwise / traveling pulse 1500 to 1900 micro seconds
12 Dead band width 8 micro seconds
13 Current drain 150mA / no load 8mA / idle running
14 Weight 45.5g
15 Dimensions 40.6*19.8*36.6 mm
16 Length of wire connector 300 mm
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Table A.2: T ST 06401C−7T servo motor specifications

No. Symbol Technical specifications
1 Rated terminal voltage VT 77.53 V
2 Rated output PR 400 W
3 Rated current IR 3.5 A
4 Rated Torque TR 1.274 N.m
5 Rated speed NR 3000 RPM
6 Peak current IP 10.5 A
7 Peak torque TP 3.82 N.m
8 Voltage constant KE 40.4 N.m/A
9 Inductance La 5.7 mH
10 Resistance Ra 2.94 Ω

11 Inertia Jm 0.277kg.cm2

12 Weight WM 1.44 kg
13 Dimensions (L*W*H) DM 151.7*60*60 mm
14 Electrical time constant TE 1.94 ms
15 Mechanical time constant TM 0.555 ms

Table A.3: “Marak IV" non-redundant robot parameters

associated link name linki ai(m) li(m) mi(kg) Ii(kg.m2)

1 1′ 0.3115 0.041730 1.46988 0.012175
2 2′ 0.3119 0.1553 0.3441 0.003516
3 3′ 0.1568 0.05771 0.1932 0.000533
3 2′′ 0.1568 0.0132 0.8661 0.001025
4 1′′ 0.3829 0.1914 − −

Table A.4: Single module dimensions of “Marak II" robot
(The following dimensions were measured while the vacuum tubes were disconnected from
the modules and the servo wires were folded towards the servo housing)

No. Technical specifications
1 Height 44 mm
2 Length 68 mm
3 Width 46 mm
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Table A.5: “Marak II" robot dimensions
(The following dimensions were measured while the vacuum tubes were disconnected from
the modules and the servo wires were folded towards the servo housing)

No. Technical specifications
1 Height 44 mm
2 Length 399 mm
3 Width 79 mm

Table A.6: Weight of parts in single unit of “Marak II" robot

No. Technical specifications
1 Plastic washer 0.43 g
2 Cap screw 1 g
3 Black Plastic horn 1 g
4 Copper washer 1 g
5 Aluminum washer 1.86 g
6 L shaped Bracket (of Aluminum) for supporting the suction cup 2 g
7 Aluminum plates + Two rivets + silicon glue 2 g
8 Rubber suction cup 2.7 g
9 Elbow Aluminum cube 3 g

10 M5 QS fitting (of Festo) for 4 mm tube 3.3 g
11 Internal hollowed bolt of suction cup 4.6 g
12 Robot chassis made from U Aluminum bracket 6 g
13 Servo motor alongside wire 45 g
14 Total weight of one module 73.89 g
15 Total weight of 10 modules 738.9 g
16 Total weight of 10 modules + two hole u shaped Brackets 749.33 g
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Appendix B

B.1 Advantages and Disadvantages

Advantages and disadvantages of snake-like robot and prior modelling parameterizations

are explained as follows.

B.1.1 Advantages of Snake-like Robots

The snake-like robot offers so many advantages. The major advantages of this type of robot

is terrainability, redundancy, maneuverability & motion versatility, robustness, stability,

reconfigurable functionality, size, and sealing, as stated by Hirose [5], Dowling [1], and

Tanev et al. [12] which are described as follows:

B.1.1.1 Terrainability

In robotics field, the ability of robots to pass rough surfaces is called terrainability. Snake-

like robots have got huge terrainability. As a matter of fact, most other terrestrial mo-

bile robotic systems fail when faced with rough or unstructured environment compared to

snake-like robots. The main reasons behind this capability are the lower applied pressure

to contact surfaces, and smaller width of snake-like robots. Besides, snake-like robots are

generally more capable of performing free climbing than any other terrestrial mobile robot

(wheeled, tracked, or legged). As a result, when faced with several obstacles (that neces-

sitate climbing) in rough environments, they demonstrate higher capability. Hence, they

offer higher terrainability than other types of terrestrial robots.
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B.1.1.2 Redundancy

In broad terms, redundancy means the excess of at least one means to perform a given task

(as stated by Gogu [177]). There are different types of redundancies in robotics (for ex-

ample sensor or actuation redundancy). Since snake-like robots are generally modular and

because they frequently form closed loops, thereby they posses different types of redun-

dancies. One type of redundancy which the author is interested in is actuation-redundancy.

Redundant actuators are those actuators which are in excess of configuration space dimen-

sions. Since most of snake-like robots contain excessive actuation modules, thereby they

are generally actuation-redundant robots.

Redundancy has several advantages. For example, according to Gogu [177], the redun-

dancy in parallel robots can be used to optimize joint rates (e.g. torques or forces to name

a few) as mentioned by Dasgupta et al. [178], enhance stiffness (as stated by Chakarov

[179]), reduce the singular configurations (as stated by Firmani et al. [180]), improve

the dexterity (as mentioned by Marquet et al. [181]), ameliorate the velocity of robot (as

brought up by Krut et al. [182]), induce huge forces in micro electro-mechanical devices

(as discussed by Mukherjee et al. [183]), separate the translations from orientations (as

stated by Jin et al. [184]), improve the accuracy, and combined advantages (as mentioned

by Zanganeh et al. [185]), to name a few. If any part of robot fail during action, redun-

dancy helps to reduce the consequences of ineffective part/s. In other words it increases the

survivability of robot in unstructured environment.

B.1.1.3 Maneuverability and Motion Versatility

Snake-like robots generally have small width and elongated body compared to other types

of robots. In this way, they can easily cross or maneuver their bodies in tight areas/spaces.

They can also wrap their bodies on themselves on the small places and still be able to loco-

mote. Additionally, they can locomote with different types of gaits and adapt themselves to

different environments very easily. As a result, they posses motion versatility and are more

maneuverable than other types of terrestrial robots (especially in thigh areas).
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B.1.1.4 Robustness

Robustness has been defined as the the ability of system to resist the failure or downtime,

or the ability of system to withstand the imposed effects of the external environment. In

robotics field, robust robots can bear variety of effects from the external environment and

meanwhile be less prone to malfunctions in unstructured terrains compared to other robots.

For example, Tanev [12] has defined the robustness for a gait of snake locomotion as the

ability to maintain the velocity of robot in unstructured environment having number of

small obstacles. With the mentioned definition, snake-like robots have an inherent capacity

to be build robust. This capability comes from the modularity, ruggedness, free climbing

capability, reconfigurability, motion versatility, and sealing properties of these robots.

B.1.1.5 Stability

Stability in robotics can be interpreted in different ways. In this work, by stability we

mean static stability of robot on the horizontal terrain. In this thesis, from static stability

point of view, the Energy Stability Margin (ESM) which was defined by Messuri [186] is

implemented. ESM is grounded on potential energy and is the minimum amount of energy

used to tip off the robot from its stable position. ESM defines a proportionality between

the energy required (for tip off) to the distance between the Center of Gravity (CG) of

robot and its zero stability margin point. In other words, if two robots of same weight and

dimensions are forced to tip off, the one which has lower distance between the CG and zero

stability margin point requires less energy. Since the snake-like robots, of same weight and

dimensions, have lower CG w.r.t. the rest of terrestrial locomoters (wheeled, tracked, or

legged), thereby they posses higher stability (from ESM’s point of view).

B.1.1.6 Reconfigurable Functionality

The snake-like robots are generally in the shape of a manipulator. They can usually use their

bodies for grasping several different objects. In other words, they can use their bodies as

limbs. This capability eliminates the use of extra manipulators or grippers in their structure

or enhances their proficiency in performing different functionalities. As a result, they are
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capable of performing different functionalities without any additional parts or they can

perform the same task with higher reconfigurable functionalities.

B.1.1.7 Size

As mentioned before, snake-like robots generally have smaller width, lower height, and

elongated body compared to other types of robots. The smaller width and lower height

enables them to enter tiny openings, while the lower heights and higher lengths empowers

them with higher stability. The higher lengths on the other hands enables them to pass

higher obstacles or grasp bigger objects. Although bigger length might seem to be disad-

vantageous in other robots, but because snake-like robots can wrap their body on them-

selves (and still be functional), thereby, the higher length plays more in their advantage

rather than disadvantage.

B.1.1.8 Sealing

As stated before, snake-like robots are generally in modular form. Since sealing of individ-

ual modules is generally easier than sealing of entire robot, these robots offer better sealing

capability than other terrestrial locomoters. At the same time, the snake-like robots gener-

ally do not have any extra appendages, grippers, or manipulators. They generally use their

body for these purposes. Thereby, it is generally easier to seal them off compared to other

robots.

B.1.2 Disadvantages of Snake-like Robots

Although the snake-like robots have got so many advantages but, in majority of cases their

disadvantages had got higher weightage (up to now). The major disadvantages of snake-

like robots from the author’s point of view are complicated system and intricate control,

high cost, complicated design and production, payload limitation, difficulty in thermal con-

trol, low locomotion speed, and low efficiency. Besides, there is another important disad-

vantage associated to these robots which is the lack of efficient and accurate kinematics

and dynamics models. In this thesis we try to address this disadvantage.
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In fact, from the last 40 years up to now (from the time that snake like robots came

to existence), they could not reach to the level of mass production. Although, there are

some companies that have developed some snake-like robots, however, they produced and

sold few of them. Nonetheless, there are some promising applications (specially in medical

applications) that bespeak mass production in near future. In this subsection the disadvan-

tages of the snake-like robot are elaborated as follows:

B.1.2.1 Complicated System and Intricate Control

The snake-like robots have a large DOF compared to other robotic systems. Generally

snake-like robots contain at least 6 DOF, while ordinary robots have just just 2 DOF. In

fact, several snake-like robots have got so many DOF that they are generally categorized as

hyper-redundant robots. It is very ordinary in robotics to face a snake-like robot having 32

DOF, while this DOF is uncommon in other robot types. High DOF creates a complicated

system, and complicated system requires an intricate control. As a result of these com-

plications, snake-like robots generally can not be controlled manually. They need more

advanced processors and controllers compared to other robotics applications.

B.1.2.2 Lack of Efficient and Accurate Kinematics and Dynamics Models

The standard classical methods of kinematics and dynamics modelling are not that much

suitable or efficient to be applied on snake-like robots (as Chirikjian [54] stated). The

snake-like robots need their own techniques. Although there have been several research

works in kinematics and dynamics modelling of snake-like robots, however most of them

lack something. For example, so many researchers just got stuck with kinematics modelling

of snake-like robots and did not go beyond that. Some other researchers (such as Hirose in

some of his works) employed local body coordinates, and did not consider the necessity of

general coordinates. Some even did not look at actuation redundancy. Most of those who

considered redundancy, had separate formulas for redundant and non-redundant actuation

strategies. Although all these problems have been addressed or are being addressed sepa-

rately (e.g. the work of Rezapour [187] or Liljeback et al. [188] can be named), however

there has not been a unique, efficient, and accurate formula up to now that can cover the
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entire domain. In this thesis we try to reduce this problem by following a simple modelling

procedure, and introduce a unified approach to dynamic modelling of snake-like robots

with different actuation strategies.

B.1.2.3 High Cost

One of the major factors in success of any technology is its cost compared to other types

of technologies. Unfortunately, snake-like robots are expensive because they are generally

made in several modules, have huge number of DOF, possess high complexity, require fast

and powerful controllers & processors, are produced in low quantities, and contain so many

parts. This expensiveness, eradicates their implementation in several applications and let

their less expensive competitor robots to replace them.

B.1.2.4 Complicated Design and Production

One of the major advantages of snake-like robot was its smaller size. However, this advan-

tage brings some design drawbacks. Because, it is really challenging to place the actuator/s,

link/s, joint/s, processing & control unit/s, power supply/s, communication unit/s, and all

the necessary parts/items of snake-like robots in a generally small volume of a module,

and expect it to function appropriately. In fact, the modular design nature of majority of

snake-like robots also creates design complication. It is due to the fact that, the modular

design has an inherent property which restricts easy sharing of modules’ components. As

a result, the number of components for a given robot would increase compared to non-

modular robots. As the number of components grows, the design and production of such

a robot would become more difficult. As an example, the Dowling’s design [1] which is

one of the simplest robotic designs can be named. In each of the Dowling’s modules, there

are 25 components. Now if a snake-like robot be made out of just 6 Dowling’s modules,

the number of components reaches up to 150, which is quite high for a simple robot. The

first generation of three dimensional link of Dowling [1] that consists of two orthogonally

connected servos, is depicted in figure B-1.

194



Figure B-1: The first generation of three dimensional link of Dowling [1] consisting of two
orthogonally connected servos.

B.1.2.5 Difficulty in Thermal Control

Because most of snake-like robots are designed to be in a sealed platform and at the same

time they are generally placed in a small volume, thereby it is difficult to control the gen-

erated heat of the components inside the modules. For example, the generated heat of

electrical actuators, Shape Memory Alloy (SMA) actuators, or batteries can reduce the re-

liability and durability of the entire components inside the modules. This deficiency can

be remedied by introduction of heat sinks placed outside the sealed areas of modules. At

the same time, since the snake-like robots have more surface contact with the terrain than

any other types of robots, they suffer more from thermal exchanges between the terrain and

robot. This condition may create trouble, specially in hot environments with hot terrains.

B.1.2.6 Payload Limitation

Snake-like robots can form their body into serial, parallel, or combination of serial and par-

allel configurations. The best payload carrying serial manipulators are those manipulators

which posses optimized actuators, joints, and links from the base to the end-effector. By

passing from end-effector to the base of majority of serial robots, the power and weight
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of the actuators and their supporting links increases. In other words, they have the least

powerful actuator at the last joint, and the most powerful actuator at the base. On the other

hand, the best payload carrying parallel robots, have also got optimized actuators, joints,

and links. They generally place their most heavy and powerful actuators on the base of

the robot. Since the snake-like robots are generally made in modular form and because

they generally do not couple their actuator powers, thereby, they can not be easily designed

optimally for load handling in either serial or parallel configurations. In reality, it is still a

challenging task to design a snake-like robot that can handle its own weight. So, it is really

a challenging task for them to carry huge loads. In fact, they are generally designed to carry

small loads (e.g. a small camera). If even they be designed to carry huge loads, they will

suffer from efficiency and cost points of view. One of the solutions to this problem (as the

author tries to follow in “Marak II") is to reconfigure them into closed loops.

B.1.2.7 Low Locomotion Speed

According to Buchot [189], the fastest snakes have the length to circumference ratio of

not more than 10 to 12. They can reach the speed of 3 meters per second. Up to author’s

knowledge, although this speed is not so high, still there is no any snake-like robot (without

wheels and appendages) that could surpass this speed. In comparison, some other terrestrial

robots can gain much higher speeds than snake-like robots. One remedy for low locomotion

speed is to use the wheeling gait (as the author tries to establish in “Marak II").

B.1.3 Advantages and Disadvantages of Prior Modelling Parameteri-

zations

By comparing the prior parameterizations, it is evident that all methods agree on the fact

that for the non-redundant actuated closed loop mechanism, τc =W T τt is inverse dynamics

equation. How they addressed redundant actuation, is matter of our concern. Since, Roppo-

nen et al. addressed the redundant actuation with a general solution and removed inherent

parametrization singularity from method of Nakamura et al. [17], thereby his method is

best in the mentioned prior works in addressing the redundant actuation.
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In majority of all those methods there are separate formulas for redundant and non-

redundant cases however, we intend to combine both methods and make a method which

can cater any controllable combination of joints. Nakamura et al. [17, 6] and Ropponen et

al. [8, 10] had defined one of the best possible formulations for redundancy resolution, and

had provided examples. However, their method has its pros and cons. Main advantage is

the fact that when configuration space is parameterized by actuated joints, generalized force

(applied forces on the joint axes) can be controlled explicitly. Another advantage is that

their methodology is easily understandable and straight forward. Among disadvantages

it could be mentioned that in their method, presence of at least one un-actuated joint is

necessary. In fact, cut joint never comes into any of the calculations of equations of motion.

If we neglect the virtually cut passive joint as Nakamura et al. and Ropponen et al. did,

friction in the virtually cut joint never comes into play and therefore, equation of motion

shows incorrect torques. When there are no passive joints in mechanism (fully actuated

case), removal of one joint will certainly create much more incorrect results.

In formulations of Nakamura et al. and Ropponen et al. the W and S functions of dy-

namics function are defined for all joints except the virtually cut joint. So their formulation

lacks something from begining and is not accurate enough. The same goes to Hui et al.

[7] method. Another con was configured by Ropponen et al. [8] who found out that there

is singularity in the model of Nakamura et al. [17] at some points. They tried to resolve

the issue by introducing different formulation. However, because they parameterized the

configuration space (space generated by the range of joints’ values) through the actuated

joints, thereby their formulation faces intrinsic singularity at actuator singularity and be-

comes invalid (as mentioned by Yiu et al. [18]). Yiu et al. [18] also mentioned that this is

not a big deal because according to differential geometry concepts, only the configuration

space singularity needs to be addressed and other types of singularity are not intrinsic part

of mechanism. A solution that they proposed for actuation singularity was to parameter-

ize the configuration space using different type of joints, links, end effector coordinate, or

different generalized or local coordinates.

Despite all mentioned disadvantages the authors found some flaws in formulation of

Hui et al. [7]. As mentioned before, the method of Hui et al. is excluding the passive joints’
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torque(s) or force(s). They also do not exclusively mention that for opening the closed loop,

the unactuated joint(s) shall be considered to have virtual actuator(s) (as Nakamura et al.

[17] and Ropennen et al. [8] did).

B.2 Applications

Some of possible applications of snake-like climber robots are discussed in the following

subsections.

B.2.1 Cleaning

In man-made high-rise structures, generally there are so many dangerous places that need

to be cleaned regularly. For example, the windows of skyscrappers need to be cleaned

regularly. This task is now accomplished by humans with the aid of special cranes. Such

cleaning tasks are really dangerous for the performers and the passer-byes on the ground.

Sometimes some parts of the buildings or structures can not even be cleaned by the men-

tioned method due to architectural complications. Snake-like climber robots have high

maneuverability, terrainability, stability, robustness, and reconfigurable functionalities. As

a result, the snake-like climber robots can be used for cleaning high-rise buildings and

structures, such as ship hulls, oil tanks, chimneys, and bridges to name a few. The climber

robot of Suzuki et al. [190] demonstrates an example of cleaning robot.

B.2.2 Medicine

In medicine, the snake-like robots are generally intended to perform diagnosis or operation.

The role of snake-like robots in medicine started by introduction of active endoscopes. The

active endoscopes were created because the ordinary endoscopes were not easily steerable,

could not reach some parts of body, and lacked the required maneuverability. As a result,

some diseases such as Gastrointestinal Bleeding (GI) could not be detected with ordinary

endoscopes. The examples of these types of robots are the active endoscope of Hirose et

al. [191] and Automated Endoscopic System for Optimal Positioning (AESOP) of Kavousi
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Figure B-2: Active endoscope concept as depicted by Hirose [2] in his PhD dissertation.

[192]. Figure B-2 shows the Active endoscope concept as depicted by Hirose in his PhD

dissertation [2].

As the snake-like robots demonstrated their capabilities for endoscopy, the author be-

lieves there is a possibility for application of tiny un-tethered snake-like climber robots

in endoscopy and colonoscopy. The endoscopes and colonoscopes have to be inserted in

and out of patient’s body through application of external force which generally create huge

discomfort. Implementing the snake-like climber robot can reduce the hugely involved

discomfort, reduce the expenses, reduce the possible risks, and reduce time consumption

of endoscopy and colonoscopy. Certainly it would be advantageous for tiny un-tethered

snake-like endoscope or colonoscope to climb towards the goal position, perform its task,

and get in and out of patient’s body through its own climbing mechanism. Although there

has not been any report on such a snake-like climber robot, however there are some non-

snake climber robots under development such as the robot of Glass et al. [193] that can be

used for such applications.

Besides endoscopy and colonoscopy, the snake-like robots have been used for laparoscopy

and Minimally Invasive Surgery (MIS). In MIS, the snake-like robots are inserted in the
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body of patient through natural openings or some small incisions. These snake-like robots

generally carry a camera, and can be equipped with different diagnostic or surgical tools.

The MIS improves the accuracy of surgeon incredibly in such a way that it converts a nor-

mal surgeon to a star surgeon, and a star surgeon to a super human surgeon. The MIS major

advantages are the improvement of the quality of operation and cost effectiveness. Because

MIS creates smaller incision, the patient looses less blood, needs less medication, recovers

faster, and develops smaller operation’s scarf. Due to these extraordinary advantages, the

MIS is considered to be the fastest growing filed of snake-like robots. As the MIS proved

to be a promising application of snake-like robots, it can also be considered promising for

snake-like climber robots. There are plenty of reasons for such a proposal, however the

author believes that primarily, the snake-like climber robots will give the operator much

higher flexibility than the ordinary snake-like robots (specially if they be un-tethered). The

snake-like climber robots can also reduce the number of incisions in the body of patient,

because they can get in and out of the patient’s body from just one incision. They can also

anchor themselves to different organs for performing different tasks. At the same time,

they can reach some areas that the ordinary snake-like robots can not reach. As a result, the

application of snake-like climber robot in medicine seems encouraging in near future.

B.2.3 Production, Coating, and Assembly

There is always some compensation involved in the design of products due to production

and assembly limits. As a results, when designed by conventional methods, the parts are

bigger, heavier, and less efficient. As it has been stated earlier, the snake-like robots are very

flexible (due to several degrees of freedom) and can be inserted in small holes or openings.

These properties enables them to be easily inserted inside or outside different parts and

perform the production, coating, and assembly procedures without huge compensations on

weight or size (which is in contrary to conventional techniques). One of the major industries

that requires these type of capabilities is the aerospace industry. Aerospace industry is very

weight and size conscious, and requires the parts to be produced with optimized weight

and size. For example, for production of wings, the aircraft industry is still using some

outdated production methods that goes back to ship building procedures of 18thcentury.
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The main reason behind this use of old technology is that the conventional machines can

not be implemented in such a complex system. Snake-like climber robots on the other

hand can be inserted easily in the wing assembly, reach the goal position through climbing

or descending, stick to specific areas (that may be hard to reach), and perform different

production, coating, and assembly procedures such as gluing, painting, or welding.

B.2.4 Inspection

Inspection is a formal evaluation process, and can be performed through destructive or

non-destructive means. In the field, generally nondestructive inspection is preferred. In

robotics, this type of inspection can be carried out with different types of sensors (e.g.

vision, inductive, or capacitive sensors). The magnetic climber robot of Shen et al. [78]

demonstrates an example of an inspection robot.

Since every sensor has got limited range, thereby either the parts to be inspected should

be brought inside sensor’s range or the sensor should go in the vicinity of the parts. In ei-

ther cases, the ordinary robots generally face difficulty when subjected to confined spaces

(since they are usually bulky and have low flexibility). Snake-like climber robots on the

other hand have high flexibility, possess relatively small cross-section, can get in and out by

themselves, can bend on themselves to form body cluster, can perform different maneuvers,

and can bypass majority of obstacles in narrow spaces. As a result, they are very suitable

for inspection, specially in tight or narrow spaces. For example, consider the inspection of

nuclear power plant’s piping system. These systems are generally made from bundles of

pipes, which are formed in a crowded manner in such a way that they are literally called

"jungle of pipes". These jungle of pipes are sometimes out of reach of humans, and even

sometimes hazardous to inspect. The snake-like climber robots are the best candidates to

inspect such complicated systems. Although the snake-like climber robots have not been

build up to now for any specific inspection application, however an example of snake-like

robot for performing such specific inspection application can be named. An example to

such a snake-like robot is the snake-like robot of OC Robotics [194] which could success-

fully detect a leaking pipe in the Righals 1 nuclear power plant in Sweden. In the same

manner, the snake-like climber robots can be used for inspection of piping systems or other
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confined arrangements of processing plants, chemical plants, or petrochemical plants.

The snake-like climber robots can also be implemented for inspection of airplanes,

because airplanes are generally made of several congested parts/structures that necessitates

the incorporation of very flexible inspection robot. As an example, consider the engines of

big airplanes. They consist of several compression stages. Each stage has several turbine

blades. These blades have to be checked regularly. Generally the first inspections are

performed visually with fibre scopes, video scopes, or borescopes. This process is very

time/labor intensive (and thereby expensive). For this application, the flexible snake-like

climber robots can be used to automatically perform the visual inspection tasks inside the

turbines. Such an inspection task is really difficult for other robotic platforms to be carried

out. Another example is the inspection of airplane wings. The same concept goes to other

complicated structures such as high rise bridges or even the space station. The inspection

of these structures is generally very dangerous and expensive. As a result, some companies

and bureaus such as NASA [195] have worked on snake-like robots for inspection of such

structures. Since the snake-like climber robots have got much higher capabilities than

other types of mobile robots for reaching to the inspection zones of such structures (which

is generally inside the structure), and can perform their tasks better, thereby they would

certainly posses high applicability in inspection of complicated structures.

B.2.5 Search and Rescue

During the disasters of earthquakes, landslides, hurricanes, or building collapses some peo-

ple get trapped beneath the rubles or mud. To save them, it is necessary to start search and

rescue operations. The search operation is mostly performed by humans. However, some-

times it is performed with the help of trained dogs. The humans need to listen to any sound

coming from the derbies. If the sound seemed to be generated by the trapped human be-

ings, the question and reply sessions will carry on, to confirm the entrapment. This listening

technique can also be done with the help of sensors. The rescue operation is also generally

performed by humans. However, in case of availability, generally different machines such

as the cranes, excavators, or loaders are used.

In major disasters, the search and rescue becomes much more difficult. Because firstly
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there is less availability of healthy human beings or fine machinery to perform search and

rescue operations, and secondly it is very difficult to keep the silence for performing the

search operations, thirdly the area is polluted, and finally there are several dangerous col-

lapse zones. Besides, it is always possible that there be so many entrapped people who

could not even respond by any means (due to injury or shock). Although the trained dogs

can be the best choice here, however generally there is a huge shortage of them in major

disasters. The same sniffing and listening duties of dogs can be given to robots equipped

with vision, sound, heat, and smell sensors. These robots don’t need the daily care of dogs,

can be mass produced, and can be stored and used during the time of need. Such robots

have to cross different terrains, carry different sensors, equipment, or food, enter the en-

trapment area, and support the weak structures of entrapment site. They also have to be

very robust and maneuverable. The snake-like climber robots (specially un-tethered types)

can offer all these necessities, and in fact are one of the best candidates in search and res-

cue operation segment. Such a huge applicability is even more evident with the fact that

there are so many snake-like robots, built specifically for search and rescue operations. For

example, the Souryu I and II snake-like robots of Hirose et al. [66], and USAR-ETR of

Choset et al. [196] can be named.

B.2.6 Exploration and Reconnaissance

To perform the exploration task, the robot is supposed to pass through unknown and un-

structured environment. Most of terrestrial robotic platforms fail when faced with such

environments. For example, several motion platforms fail when faced with muddy terrains.

In contrary, snake-like climber robots are inherently capable of passing through unstruc-

tured environments. This capability comes from the fact that real snakes (the ones that

snake-like climber robots imitate) have found their way almost anywhere in the planet.

They can cross terrestrial, aquatic, and fossorial terrains not only with one, but with differ-

ent types of gaits. Even some of them can cross aerial terrains (through gliding). Because

of these capabilities and extra climbing means of such robots, the snake-like climber robots

are very suitable for exploration purpose.

In civil terms, the reconnaissance and exploration are sometimes used interchangeably.
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However, in military or police applications the reconnaissance means the exploration of en-

emy or culprit to find out its intensions or goals from different point of views (for example

from data, location, or equipment point of views). Since the snake-like climber robots have

great exploration capabilities, thereby they can be incorporated in reconnaissance roles as

well. For example, the snake-like climber robot/s can be send to enemy lines to gather

information. Because snake-like climber robots have small cross section (w.r.t. other robot

types of same volume), and can hide in unbelievable places (through climbing means) in

different terrains, they can hardly be seen or targeted. Additionally they can change their

locomotion patterns to the stealthy gaits that generate less signatures (e.g. less noise signa-

ture). On the other hand, generally the snake-like robots are in modular form. Hence, the

snake-like climber robots which are the subset of snake-like robots are going to be mostly

modular. The modularity enables them to still be functional in a battlefield if some units

stopped working or if they were hit by foe. There is no any specific snake-like climber robot

for reconnaissance, however there are some snake-like robots fulfilling such applications.

An example of these types of snake-like robots is the SMA actuated robot of Mahdavi et

al. [197].

B.2.7 Fire Fighting

The fire has unpredictable nature. If left untreated, it weakens part or total entity of affected

structure. As a result, the areas which are hit by fire are dangerous zones and may collapse

anytime. Fire is generally extinguished by humans. However, sometimes humans can

not reach the fire zones because firstly they can not endure high temperatures, secondly

they can not see when the smoke is thick, and thirdly because of presence of blocking

obstacles in the way. Due to the hazards of fire, the robot can replace the humans in fire

fighting roles. The robot can also get to the places where the humans can’t reach. It can

be used to extinguish fire, find the victims, or deliver the oxygen. In fire fighting role,

those robots are preferred that are flexible, maneuverable, robust, temperature resistant,

and highly traversable on different terrains. In addition, the fire fighting robots need to

have small cross sections. Not only because they can enter the fire sites more easily, but

also because more openings (that feed the oxygen to fire) could be closed. The snake-like
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Figure B-3: Active hose fire fighter concept as depicted by Hirose [5] and Hirose et al. [2]

robot posses all the aforementioned criteria and is one of the best robotic platform choices

to perform fire fighting. The snake-like robot capability for fire fighting is so profound

that Hirose (the father of snake-like robotics field) mentioned the implementation of a fire

fighting snake-like robot called "Active Hose" in his P.hD dissertation [5, 2]. Figure B-

3 shows the Active hose fire fighter concept as depicted by Hirose [5] and Hirose et al.

[2]. So many snake-like robot fire fighters have been designed up to now. Among the

developers of snake-like fire fighters, the Liljeback [198] can be named who developed the

first fire fighter snake-like robot that incorporated water hydraulic system in its actuation

mechanism for locomotion. The snake-like climber robots have got higher advantage in fire

fighting than the snake-like robots, because they can find their way (or climb) to the fire

affected area/s by themselves, or can reach some positions for extinguishing the fire that

are not accessible by snake-like robots. As a result there would be even higher tendency in

future for building snake-like climber fire fighting robots.
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