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Foreword

Robotics is undergoing a major transformation in scope and dimension. From a
largely dominant industrial focus, robotics is rapidly expanding into human envi-
ronments and vigorously engaged in its new challenges. Interacting with, assisting,
serving, and exploring with humans, the emerging robots will increasingly touch
people and their lives.

Beyond its impact on physical robots, the body of knowledge robotics has pro-
duced is revealing a much wider range of applications reaching across diverse
research areas and scientific disciplines, such as: biomechanics, haptics, neuro-
sciences, virtual simulation, animation, surgery, and sensor networks among others.
In return, the challenges of the new emerging areas are proving an abundant source
of stimulation and insights for the field of robotics. It is indeed at the intersection of
disciplines that the most striking advances happen.

The Springer Tracts in Advanced Robotics (STAR) is devoted to bringing to the
research community the latest advances in the robotics field on the basis of their
significance and quality. Through a wide and timely dissemination of critical re-
search developments in robotics, our objective with this series is to promote more
exchanges and collaborations among the researchers in the community and con-
tribute to further advancements in this rapidly growing field.

The monograph by Tin Lun Lam and Yangsheng Xu is based on the first author’s
doctoral thesis under the supervision of his co-author. Tree-climbing robots have
been receiving an increasing interest in the research community in view of the num-
ber of challenges posed to the design by the application scenario. Several approaches
in autonomous tree-climbing, including the sensing methodology, cognition of the
environment, path planning and motion planning are proposed in the text. Further,
a novel biologically inspired prototype is presented and its enhanced performance
over the state of the art in the field is demonstrated in a number of experiments for
both known and unknown environments.

The first contribution to the series on climbing robots, this volume constitutes a
fine addition to STAR!

Naples, Italy Bruno Siciliano
December 2011 STAR Editor



Preface

Climbing robot is a challenging research topic that has gained much attention from
researchers. Most of the climbing robots reported in the literature are designed to
work on manmade structures, such as vertical walls, glass windows or structural
frames. There are seldom robots designed for climbing natural structures such as
trees. Trees and manmade structures are very different in nature. For example, tree
surfaces are seldom flat and smooth, and some trees have soft bark that peels off
easily. It brings different aspects of technical challenges to the robot design. In the
state-of-the-art tree-climbing robots, the workspaces are restricted on tree trunks
only. They cannot act like arboreal animals such as squirrels to reach any position on
irregularly shaped trees with branches. As branches and curvature are presented in
many kinds of trees, the application of these robots is strongly restricted. It is clearly
that the tree-climbing technology in robotics still has big room for improvement.

Through billions of years of evolution, many types of arboreal animals have
evolved and developed diverse methods to deal with these challenges. The rigorous
competition of natural selection process confirms the effectiveness and efficiency of
the present solutions in nature. It is believed that the solution in nature can inspire
an idea to solve the captioned technical challenges in certain level.

In this book, a comprehensive study and analysis of both natural and artificial
tree-climbing methods is presented. It provides a valuable reference for robot de-
signers to select appropriate climbing methods in designing tree-climbing robots
for specific purposes. Based on the study, a novel bio-inspired tree-climbing robot
with several breakthrough performances has been developed and presents in this
book. It is capable of performing various actions that is impossible in the state-of-
the-art tree-climbing robots, such as moving between trunk and branches. This book
also proposes several approaches in autonomous tree-climbing, including the sens-
ing methodology, cognition of the environment, path planning and motion planning
on both known and unknown environment.

This book originates from the PhD thesis of the first author at the Chinese Uni-
versity of Hong Kong, supervised by the second author. In this book, you can find
a collection of the cutting edge technologies in the field of tree-climbing robot and
the ways that animals climb. You can also find the development and application



X Preface

of a novel type of climbing mechanism. Although the novel mechanism is applied
for tree climbing in this book, it has high potential to apply on others fields due
to its distinguish characteristics. In addition, the work also illustrates a successful
example of biomimetics as several important aspects in the work such as maneuver
mechanism and the method of environment cognition in autonomous control.

This book is appropriate for postgraduate students, research scientists and engi-
neers with interests in climbing robots and biologically inspired robots. In particular,
the book will be a valuable reference for those interested in the topics of mechanical
design, implementation, and autonomous control for tree-climbing robots.

The Chinese University of Hong Kong Tin Lun Lam
November 2011 Yangsheng Xu
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Chapter 1
Introduction

1.1 Background

Climbing robot is one of the hottest research topics that gains much attention from
researchers. Within this field, most of the climbing robots reported in the literature
are designed for climbing manmade structures, such as vertical walls and glass win-
dows [1–9], or structural frames [10–14]. Few climbing robots have been designed
to work on natural structures such as trees. Trees and manmade structures are very
different in nature. Tree surfaces are seldom flat and smooth, and some trees have
soft bark that peels off easily. In addition, the inclined angle on trees is usually
not vertical. Hence, most of the climbing methods for manmade structures are not
applicable to tree climbing.

To perform tasks on trees, such as tree maintenance, harvesting and surveillance,
workers often attach a tool to the end of a long pole to reach the target position.
However, this becomes infeasible if the target position is too high. Alternatively,
workers can reach the desired position by using an aerial ladder truck. Nevertheless,
the use of this equipment is not always possible due to the access limitation such as
mountain and rough terrain. In such a case, workers can only climb up the tree to
perform tasks. As tree climbing is a dangerous task, robots are expected to assist or
replace humans in performing these tasks.

WOODY [15] is one of the climbing robots designed to replace human workers
in removing branches on trees. The robot climbs by encircling the entire tree trunk.
The size of the robot is thus proportional to the circumference of the trunk. WOODY
avoids branches by turning its body and opening the gripper, but the climbed tree
trunk should be almost straight. Kawasaki [16] also developed a climbing robot
for tree pruning. It uses a gripping mechanism inspired by lumberjacks, and uses a
wheel-based driving system for vertical climbing. Same as WOODY, it also needs
to encircle the entire tree trunk. Aracil [17] proposed a climbing robot that uses
a Gough-Stewart platform to maneuver. It consists of two rings that are joined by
six linear actuators through universal and spherical joints at each end. The grip-
ping mechanism also requires the encircling of the entire tree trunk. However, it

T.L. Lam and Y. Xu: Tree Climbing Robot, STAR 78, pp. 1–4.
springerlink.com c© Springer-Verlag Berlin Heidelberg 2012
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has greater maneuverability than the aforementioned two robots, and is capable of
climbing branchless and curved tree trunks. RiSE V2 [18] is a wall climbing robot
that imitates the movement of insects in using six legs to maneuver. This robot has
been demonstrated to be capable of climbing trees. As the gripping mechanism only
occupies a portion of gripping substrate, the size of the robot is independent of the
climbing target. As a result, it is relatively small. However, it does not claim whether
it can perform other movement on a tree, such as branch transitions or turning. RiSE
V3 [19] is another type of climbing robot designed to climb straight poles with high
speed. A hyper redundant snake-like robot [20] can also climb tree. It climbs by
wrapping its body around a tree trunk in a helical shape and then rotates its body
about its own central axis to roll up the trunk.

For those aforementioned tree-climbing robots, although they work well in their
specified purposes, the workspaces are restricted on tree trunks only. Trees with
branches and an irregular shape are not considered. They cannot act like arboreal
animals such as squirrels to reach any position on irregularly shaped trees with
branches. As branches and curvature are presented in many kinds of trees, the ap-
plication of these robots is strongly restricted.

On the other hand, the autonomous climbing problem on trees is lack of discus-
sions. There is only a single article on the motion planning problem on these tree
climbing robots [17]. However, this work merely discussed the local motion plan-
ning problem according to local information. Climbing on trees autonomously is
challenging as the shape of trees are usually irregular and complex. There are many
global motion planning approaches for climbing in manmade structures, such as
walls and glass windows [10, 11, 21]. However, these structures are different from
trees. The approaches are thus not suitable for tree-climbing problems.

1.2 Motivation

One of the motivations of the work presented in this book is to overcome the
workspace limitation of the existing tree-climbing robots. Through billions of years
of evolution, many types of arboreal animals have evolved and developed diverse
methods to deal with these challenges. The rigorous competition of natural selection
process confirms the effectiveness and efficiency of the present solutions in nature.
It is believed that the solutions in nature can inspire ideas to solve the captioned
technical challenges in certain level. To understand how arboreal animals and artifi-
cial robots climb on trees, a comprehensive study and analysis of the tree-climbing
methods in both natural and artificial way have been conducted. The study reveals
how the wisdom of nature inspires the robot design, and what kinds of designs are
solely come from human’s intelligent. A novel tree-climbing robot aiming at over-
come the workspace limitation is then developed based on the analysis results.

On the other hand, a certain level of autonomous climbing ability of the robot
helps reduce the complexity of manipulation required for operation by users. How-
ever, the autonomous climbing technology in tree climbing is lack of discussion. In
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view of that, several approaches in autonomous tree-climbing are proposed in this
book, including the sensing methodology, cognition of the environment, path plan-
ning and motion planning on both known and unknown environment.

Based on the motivations, the main contributions that can be found in this book
are the following:

1. Conducted a comprehensive study and analysis of the methodologies for tree
climbing in both artificial and natural way. It provides a valuable reference
for robot designers to select appropriate climbing methods in designing tree-
climbing robots for specific purposes.

2. Developed a novel extendable continuum maneuver mechanism that allows
robots to have high maneuverability and superior extensibility. It opens a new
field of applications for continuum mechanisms.

3. Developed a tree surface fastening mechanism with adaptable on a wide range of
surface curvature and a wide variety of trees. It permits robots easy to fasten on
irregularly shaped trees.

4. Developed a novel tree-climbing robot with distinguished performances. It breaks
the workspace limitation of the state-of-the-art tree-climbing robots.

5. Proposed a tree shape reconstruction method based on tactile sensors. It re-
veals how the realization of an environment can be achieved with limited tactile
information.

6. Proposed an autonomous climbing strategy on an unknown shape of trees. It
determines the optimal climbing position based on local information and the
prediction of a shape of tree in the future path.

7. Proposed a global path planning algorithm on an unstructured 2D manifold (such
as tree surfaces). The planned path avoids obstacles and at the same time mini-
mizes the requirement of the fastening force.

8. Proposed a motion planning strategy for continuum type robots to follow a 3D
path. The motion planning strategy is generally applicable to any robots with
extensible continuum maneuvering mechanism to maneuver in 2D or 3D space.

1.3 Outline of the Book

The book is organized as follows:
Chapter 2 gives a general overview of state-of-the-art tree-climbing robots, to re-

view the cutting edge technologies in this field.
Chapter 3 presents a comprehensive study and analysis on both natural and arti-

ficial tree-climbing methods. To provide a valuable reference for robot designers to
select appropriate climbing methods in designing tree-climbing robots for specific
purposes, the climbing methods are ranked based on the proposed design principles,
the climbing methods are evaluated and ranked according to the proposed design
principles.

Based on the study and analysis presented in Chapter 3, a novel design of a tree-
climbing robot with superior maneuverability and other distinct features is presented
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in Chapter 4, including its novel mechanical designs, working principles, and con-
trol architecture. Numerous climbing experiments are presented to verify the climb-
ing performance of the robot.

In Chapter 5, the optimization of maximizing the fastening force and adaptabil-
ity of the proposed fastening mechanism are discussed. The relationships among
the settings of the mechanism, surface curvature of substrates, and the generated
fastening force are studied. The settings for the fastening mechanism are optimized
to generate maximal fastening force in a wide range of surface curvature. Numerous
experimental results on different kinds of trees are presented to evaluate the actual
performance of the mechanism.

Chapter 6 presents the forward and inverse kinematics of the proposed ma-
neuvering mechanism. The workspace analysis is also presented in this Chapter.
The workspace represents the admissible fastening positions on a tree surface. The
workspace analysis considers both admissible positions and directions of movement
on the tree surface.

Chapter 7 proposes a strategy for exploring the unknown environment on trees.
Inspired by nature, tactile sensors are adopted to acquire local environmental in-
formation. Tree shape approximation, optimal path finding, and motion planning
are then developed to make the robot capable of climbing trees automatically.
Experimental results are presented to evaluate the performance of the proposed
autonomous climbing strategy.

Chapter 8 proposes a global path and motion planning algorithm based on a
known environment. An efficient way of formulating the problem is developed and
hence the optimal 3D path can be obtained in linear time. A motion planning strat-
egy for 3D path tracking is also proposed. Simulation and experimental results are
presented to evaluate the proposed global path and motion planning algorithm.

Chapter 9 concludes the book, and suggests some future research directions.
The book ends with Appendix A, devoted to derivation of equations and the

bibliography.



Chapter 2
State-of-the-Art Tree-Climbing Robots

There are several robots developed in the literature that are capable of climbing
trees. Some of the robots are specifically designed for tree climbing while some of
them are designed for moving in multiple terrains including trees. In this chapter,
the details of these robots are introduced to provide a whole picture of the field of
the tree-climbing technology.

2.1 WOODY

The WOODY project [25] have been started since 2004 and three generations of
the prototype have been developed. They were developed in Sugano Lab at Waseda
University, Japan. The main motivation of the development of WOODY is forest
preservation. In forests, too many branches presented on trees block the sunlight
and kill the glass and frutex on the ground. The beauty of the forest will be affected.
In addition, if trees present too many branches, heavy rain and snow will make trees
overload and breakdown. The trees will then fall down and kill forestry workers. As
a result, pruning should be conducted frequently. WOODY is then designed to assist
forestry workers to remove branches from trees.

WOODY is a manually controlled robot. It fastens onto a tree by encircling an
entire tree trunk with its arm. It climbs vertically by extending and contracting its
body using threaded rod mechanism and at the same time releases and encloses
its upper and lower arms alternatively. As WOODY’s arms have to encircle the
entire tree trunk, the size of the robot is proportional to the circumference of the
trunk. There is a cutter installed on the top of the robot body for branch cutting.
Active wheels rolling in horizontal are installed on the interior of each arm, allowing
WOODY turns about a tree trunk to go to proper position for pruning.

The mechanical structure allows WOODY to climb on a straight tree trunk only.
As the trunk of the target climbed trees, i.e., cedar and cypress, are almost straight
and the branches will be removed by the equipped cutter before the robot passing
through, the design of WOODY is sufficient to perform the task.

T.L. Lam and Y. Xu: Tree Climbing Robot, STAR 78, pp. 5–8.
springerlink.com c© Springer-Verlag Berlin Heidelberg 2012
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2.2 Kawasaki’s Pruning Robot

Kawasaki [16] developed a tree-climbing robot for pruning and it is conducted at
Gifu University, Japan. The first prototype is published in 2008. Similar to the pur-
pose of WOODY, the task is pruning on a straight tree trunk.

In their concerns, the main motivation of pruning is to keep the lumber of the
pruned tree has beautiful surface without gnarl and homogeneous quality with well-
formed annual growth ring so that the trees can produce worth wood.

Although the Kawasaki’s pruning robot and WOODY share the same mission,
the fastening and maneuvering mechanisms are different. Kawasaki aims to make a
lightweight and fast climbing pruning robot. The fastening mechanism of the prun-
ing robot is inspired by the approach of lumberjacks that uses self-weight locate the
center of gravity exterior against tree to produce pressing force on the upper and
lower fulcrums. The robot can then hold on the tree without pressing mechanism
against a tree. The fulcrums of the robot are form by four active wheels that set at
regular intervals around the tree, which one pair for upper side and the other for
lower side. The active wheel contributes the movement of the robot that the wheel-
driven mechanism can make the robot climb fast. Each active wheel is driven by
motor independently through a worm gear to avoid backdrive. In the first prototype
of the pruning robot [16], wheels are aligned vertically and hence the robot can only
perform moving up and down motion. In the second prototype [24], the wheels are
capable of steering actively. As a result, except the linear movement, the robot can
switch to spiral climb by adjusting the orientation of wheels. The climbing motion
can be adjusted according to the situation in real-time so as to improve the moving
efficiency.

2.3 Seirei Industry’s Pruning Robot

AB232R [26] is a commercialized pruning robot promoted by Seirei Industry Co.
LTD. It is a wheel-driven robot with fixed orientation of wheels and hence it can per-
form a constant spiral climb with constant speed only. A branch cutter is installed
on the top of the robot. The robot utilizes the constant spiral climbing up motion
to make the cutter pass through all the surface of a tree trunk for pruning all the
branches. The robot can simply be commanded to move spirally upward and down-
ward only. As the robot has to encircle an entire tree trunk and the pressing force to
hold its body on the tree is generated by a passive preloaded mechanical spring, the
diameter of the target trees is limited in a certain range. The range is proportional
to the size of the robot. Hence, Seirei Industry provides two models target on dif-
ferent range of trunk diameter, i.e., AB232R for diameter 70-230mm and AB351R
diameter 150-350mm respectively.
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2.4 TREPA

Reinoso, at the Miguel Hernandez University, proposes using Gough-Stewart plat-
form with 6 DOF as a climbing platform called TREPA. The concept is first pro-
posed in 1999 [27]. They claimed that the platform can be applied for climbing
metallic structures and cylindrical structures like palm tree by different configura-
tions. The prototype was then built in 2003 [28] and demonstrated the climbing
motion along trunks of palm trees.

The objectives of making a robot for palm tree climbing are branch trimming and
fumigation as they discovered that most palm trees on the Spanish Mediterranean
coastlines are affected by disease and there is not enough expert operators to do this
dangerous task.

TREPA consists of two hexagonal rings that are linked with six linear actuators
through universal and spherical joints at each end respectively. The parallel driving
mechanism allowing it has great load capacity and the six DOFs permit the robot to
move to a certain position and orientation in the workspace. Its high maneuverabil-
ity allows TREPA not only capable of climbing a straight trunk, but also capable
of climbing a palm tree with a certain range of bending. The gripping mechanism
requires the robot to encircle an entire tree trunk. Each hexagonal ring have three
pressing system in linear motion toward the center of tree trunk to fix the robot on a
tree.

On top of that, they also propose an autonomous climbing algorithm that permits
TREPA to climb along an unknown shape of a palm tree. It is achieved by detect-
ing the distance between the hexagonal ring and trunks by three regularly separated
ultrasonic sensors installed on the hexagonal ring.

2.5 RiSE

The goal of the RiSE project is to create a bio-inspired climbing robot to walk on
land and climb on vertical surfaces that has potential to apply in search and rescue,
reconnaissance, surveillance or inspection applications. This project is funded by
the DARPA Biodynotics Program. The involved parties include the Boston Dynam-
ics Inc., Lewis and Clark University, University of Pennsylvania, Carnegie Mellon
University, Stanford University, and U.C. Berkeley. RiSE V1 [22], RiSE V2 [18],
and RiSE V3 [19] are part of the overall RiSE Project, that designed and built by
Boston Dynamics. They are capable of climbing on tree trunks or wooden straight
poles vertically.

RiSE V1 was announced in 2005, and RiSE V2 is the improved version of RiSE
V1 which shares similar architecture. It imitates the movement and climbing method
of an insect, using six legs to maneuver and spines for climbing. Each leg has two ac-
tive joints actuated by two motors independently and hence there is total of twelve
actuated degrees of freedom. Spine is installed at the end of each leg and a com-
pliance structure is applied to help the robot attach tightly on a climbing surface.
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Through a tripod pattern of the leg motion, the robot can climb on trees vertically.
As the gripping mechanism only occupies a portion of a climbing substrate, the size
of the robot is independent to the size of climbing target. As a result, it can be rela-
tively small.

RiSE V3 [19] is another type of climbing robot that uses quadrupedal mechanism
for climbing. It is designed to climb wooden straight poles with high speed. The de-
sign and motion of the legs are similar to that of RiSE V2. However, it needs to grip
half of a gripping surface to ensure stable climbing and hence the size of the robot
is proportional to the size of climbing target.

2.6 Modular Snake Robot

A hyper-redundant snake-like robot can imitate living snakes to move in different
ways such as rolling, wiggling, and side-winding so as to move around different ter-
rains. A modular snake robot [20] developed at Carnegie Mellon University, named
Uncle Sam, can even climb on a straight tree trunk vertically from a ground. The
climbing motion is totally different to that of the tree climbing method used by liv-
ing snakes. The snake robot wraps itself around a tree trunk in a helical shape and
then rotates its body about its own central axis to roll up the trunk. By using this
climbing method, the length of the robot must be long enough to encircle the whole
tree trunk. Although it was demonstrated the capability of climbing a straight tree
trunk only, the mechanism has potential to perform branch to branch transition as
long as the length of the robot is long enough to wraps between two branches.



Chapter 3
Methodology of Tree Climbing

3.1 Tree-Climbing Methods in Nature

Arboreal habitats are complex environments that pose numerous challenges to ar-
boreal animals. These include climbing on cylindrical branches with variable diam-
eters and inclined angles, moving in narrow spaces and facing obstacles. Through
billions of years of evolution, many types of arboreal animals have evolved and
developed diverse methods for moving around in complex arboreal environments.

Many tiny animals, such as snails and worms, adopt wet adhesion to fasten them-
selves on trees. The wet adhesion includes the capillary adhesion and suction mech-
anisms. This method only provides limited adhesion force, but it is sufficient to
support such tiny creatures. Although these animals use this fastening method, their
locomotion is different.

Snails have a single foot and move by pedal wave locomotion (waves of muscu-
lar contraction) [64]. The area of adhesion (the entire foot) is relatively large, which
provides a relatively large adhesion force to support their relatively heavy bodies.
However, this method allows slow movement only.

Caterpillars have multiple feet that act as suctions to adhere on substrates. They
move by using a sinusoidal gait which is quite similar to the pedal wave locomotion
of snails.

Another common fastening method observed in tiny animals is Van der Waals
force [65], which is commonly adopted by insects. Insect’s feet have pulvilli (or
pad) that can adhere to a smooth surface by Van der Waals force (dry adhesion).
Some insects also have micro claws on their feet to hook themselves onto non-
smooth substrates.

As for the locomotion, insects use a tripod gait, whereby at least three feet are in
contact with the substrate at any time to make adhesion more stable.

Inchworms (also called loopers) use both wet adhesion (on the hind foot) and
micro claws (on the fore foot) to attach themselves to surfaces. Their locomotion
is unique. When they move, they use either the fore foot or the hind foot to attach
to a substrate, and then bend their body to move the other foot to a new position

T.L. Lam and Y. Xu: Tree Climbing Robot, STAR 78, pp. 9–21.
springerlink.com c© Springer-Verlag Berlin Heidelberg 2012
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alternatively. This can be treated as a kind of bipedal locomotion. Although inch-
worm locomotion is fast, the bending of the body makes the center of mass away
from the climbing substrate, which generates a large pitching force. As inchworms
are lightweight, the pitching force doesn’t affect much of the movement.

The various climbing methods used by tiny animals treat branches as a flat surface
rather than a cylindrical shape, and thus nearly any size of branch can be climbed.

Small size animals such as squirrels and birds use claw penetration method to fas-
ten on a tree. Claws can be used to interact with rough substrates. To generate a large
gripping force, the angle of grip should be as large as possible. The claw-gripping
method can be used to fasten onto smooth or rough branches with a gripping angle
less than 180 degrees as illustrated in Fig. 3.1(b), which allows squirrels to climb
large tree trunks.

Cross-sectional view of a 
gripping substrate

Gripping angle

(a) (b) (c)

Fig. 3.1 Illustration of the gripping angles by using different methods. (a) Wet adhesion or
Van der Waals force; (b) Claw gripping; (c) Interlock method.

As quadrupedal animals, squirrels use their limbs for maneuvering, usually
through pulse climbing, which is a type of dynamically stable locomotion that al-
lows very fast movement.

Birds usually do not maneuver continuously throughout a tree, but instead move
by hopping along a branch or flying.

Large size animals such as primates do not have sharp claws, and instead use
interlock method to fasten on trees. They hold their bodies on a tree by encircling
more than half of a branch with the forelimbs as illustrated in Fig. 3.1(c) to pull the
body toward the branches while both hind limbs push the body upward. This inter-
lock method provides a large gripping force and hence is more suitable for large
animals [60]. This fastening method depends on the angle of the frictional force,
and thus depends on the diameter of the branch. As a result, climbing on a larger
branch results in a reduced gripping force.

Primates maneuver by moving diagonally opposing limbs at the same time, re-
sulting in symmetrical footfall patterns [62].
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Snakes also adopt frictional gripping for tree climbing, but the gripping mecha-
nism is totally different to that of primates [59, 61]. As snakes are long and thin, they
fasten on a tree by sticking their bodies into the deep vertical furrows in the bark and
then move by internal concertina locomotion [66]. The frictional area (contact area)
with this method is large and the center of mass is extremely close to the substrate,
which generates sufficient fastening force. However, it means that snakes can climb
very rough-barked but not smooth-barked trees [63].

There are numerous approaches to tree climbing in the natural world, each
of which is suitable for particular animals in a certain kind of arboreal habitat.
Table 3.1 summarizes these natural tree-climbing methods.

3.2 Artificial Tree-Climbing Methods

Arboreal animals provide many ideas for the design of tree-climbing robots. There
are several tree-climbing robots have been developed as mentioned in Chapter 1.
Most of these designs have adapted climbing approaches from natural world with
certain modifications, simplifications and creations, instead of implement directly
to suit specific purposes and artificial design spaces.

WOODY, TREPA and Kawasaki’s pruning robots apply frictional gripping to at-
tach to a tree while RiSE V2 and V3 use claw penetration method. The locomotion
of RiSE V2 imitates insects’ locomotion (tripod gait) while the locomotion of RiSE
V3 imitates primates’ locomotion (diagonal footfall patterns). WOODY and TREPA
move by extending and contracting their bodies in a manner similar to inchworms
locomotion, except that the center of mass is closer to the gripping surface. TREPA’s
maneuvering method even allows the body to have certain bending to change the
maneuvering direction which is similar to the motion of inchworms.

Scientists have also created climbing robots from completely new climbing
method. For example, the Kawasaki’s pruning robot uses wheel-driven method to
move, which would never be seen in nature. This wheel-driven method allows very
fast movement. The locomotion that the snake-like robot uses to climb a pole is also
creative that real snakes never move like this. The robot encircles the pole by wind-
ing its body in a helical shape to fasten itself on the pole using frictional gripping.
It climbs by rotating its body along its own central axis, which can be treated as a
kind of wheel-driven locomotion. This locomotion is faster than that of real snakes.

Table 3.2 summarizes the artificial tree-climbing methods.
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3.3 Design Principles for Tree-Climbing Robots

The previous sections have introduced natural and artificial tree-climbing methods.
In this section, design principles for making tree-climbing robots are proposed to
evaluate the climbing methods. It also help robot designers select appropriate fas-
tening and maneuvering methods in designing tree-climbing robots for their specific
purposes. To design a tree-climbing robot, six major design principles should be
considered: high maneuverability, high robustness, low complexity, high adaptive-
ness, small size, and high speed.

High Maneuverability: As the structure of trees are irregular and complex in terms
of geometry, reaching a wide range of positions requires high maneuverability. Sim-
plified artificial maneuvering methods always provide limited degrees of freedom
and hence restrict the climbing space such as capable of climbing around tree trunk
only. A maneuvering method with higher maneuverability must be devised if the
robot is to be applied to a wide range of climbing workspaces such as capable of
climbing to the crown of a tree. However, mechanical designs with a higher maneu-
verability always result in higher complexity.

High Robustness: Robustness represents the ability to hold on a tree without falling
off. High robustness is preferred in general, especially when the robot itself is heavy
or equipped with heavy payload. It is related to the fastening methods and maneu-
vering methods, as some locomotion will generate extra dynamic force for which
the fastening method cannot compensate. For example, making the center of mass
of a robot higher than the branch on which it is to climb will increase the tendency
of pitching backwards or toppling sideways [59, 61].

Low Complexity: Mechanical and control complexity are important considerations.
If a robot is mechanically complex, it might increase the cost, size and the weight of
the robot and the susceptibility to fail. Complex in control also reduces the robust-
ness of a robot as failure is more likely to occur. In addition, a powerful processor
should be deployed to handle the complex control algorithm which has potential to
increase the cost and energy consumption. As a result, low complexity is preferred
in general.

High Adaptability: Arboreal habitats are varied. There are different kinds of trees
with different surface textures. In addition, the shape of the surface of trees is ir-
regular and the curvature is varied in different positions. As a result, a fastening
method should thus be selected that can adapt to a range of expected workspaces.
Higher adaptability defines as the larger range of the environment that is capable of
fastening on. To adapt a larger range of environment, the fastening mechanism and
the control usually become more complex.

Small Size: A small size provides many advantages, such as the ability to climb
in narrow spaces and probably lightweight which induces fewer dynamic force and
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preload. In addition, small size robot is easy to transport. It is important as the trans-
portation of heavy and large machinery is not possible in some environments in
which it might be used such as mountain.

High Speed: Fast climbing is preferred in many applications as it can shorten the
time of operation and hence improve the productivity. Nonetheless, a faster speed
may also reduce the robustness of a robot.

It can be seen that these design principles are correlated at certain levels. The po-
tential relationship among the design principles is summarized in (3.1). The up and
down arrows represent the increase and decrease of the items respectively. Trade-
offs will need to be made among them base on a specific application of the robot.

Maneuverity ↑
Adaptability ↑

}
⇒Complexity ↑⇒

{
Size ↑

Robustness ↓ ⇐ Speed ↑ (3.1)

3.4 Ranking of the Tree-Climbing Methods

Table 3.3 ranks the natural and artificial climbing methods reviewed in the previous
sections based on the six design principles. This will help with the selection of the
most appropriate climbing method in designing a tree-climbing robot. The rank has
six levels labeled from 1 to 6 representing the performance from the worst to the
best. Higher rank refers to higher adaptability, robustness, maneuverability, smaller
size, and lower complexity. The details of the ranking are explained as follows.

3.4.1 Maneuverability

For the existing extend-contract and wheel-driven methods, they can maneuver in
one dimension only, so the ranking is the lowest. The body bending method can
achieve arbitrary position in two-dimentional manifold in each motion, so the rank-
ing is higher than the above method. The extend-contract with bend method can even
extend the motion in to three-dimentional space in each motion, hence the ranking is
much higher. As for the tripod and quadruped gait method, they can achieve three-
dimentional space motion with certain redundancy. The redundancy results in more
than one solution to achieve a same goal which provides more feasibility for ob-
stacle avoidance. Hence the ranking is higher than the extend-contract with bend
method. The wave form and rolling in helical shape methods adopt hyper redundant
actuators and hence they have a much higher redundancy in the motion. As a result,
they are ranked as highest.
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3.4.2 Robustness

In view of the fastening method, robustness means the magnitude of the fastening
force. The larger the fastening force, the greater the robustness can be achieved. The
frictional gripping interlocks with a branch and hence can provide infinite force. It
will be pulled out only if the branch is broken by the pulling force. The claw pen-
etration method actually interlocks with the tree bark to a certain depth, which will
break more easily than a whole branch. Hence, the robustness of claw penetration
is ranked lower than frictional gripping. As for the wet and dry adhesion methods,
they only adhere to the surface of a tree. It will be highly affected by the dustiness
of the surface. Hence the fastening forces using these methods are ranked lower
than frictional gripping and claw penetration. According to [71], the range of Van
der Waals force (dry adhesion) and capillary force (wet adhesion) is about 10−11

to 10−9 and 10−7 to 10−3 kgf respectively. In experiments, Jiao [73] found that the
adhesion force of an insect leg (Van der Waals force) is 1.7− 2.2mNmm−2. Kim
[72] found that for a snail, the total maximum capillary force is 3.1mNmm−2. As a
result, the wet adhesion force is larger than Van der Waals force.

As for the maneuvering method, robustness means the magnitude of the dy-
namic force generated by the maneuvering motion. The smaller the dynamic force,
the greater the robustness can be achieved. Wave form, rolling in helical shape,
and wheel-driven methods have the highest rank as these motions do not change
the center of mass relative to the fastening position, which is most stable. A tri-
pod gait has a higher rank than quadrupedal gait because there are three support-
ing points when maneuvering in tripod gait, while there are only two supporting
points in a quadrupedal gait. As for the extend-contract, and extend-contract with
bend methods, although the contraction motion makes the center of mass close to
a gripping substrate which eliminates the pitch back moment, the extension motion
moves the center of mass apart from the fastening position, which increases the
side-toppling force and pitch-back moment. As a result, they are ranked lower than
the quadrupedal gait method. Regarding the bending motion, the action of straight-
ening the body raises the same issue as the extension motion in the extend-contract
method. The body bending makes the center of mass out of the gripping substrate,
and it will increase the pitch-back moment and side-toppling force. As a result, it
has the lowest rank.

3.4.3 Complexity

The complexity represents both the fabrication complexity and the control complex-
ity of the mechanism. For the fastening method, the control of frictional gripping is
the simplest as it uses the interlock method. Putting robot limbs in the proper posi-
tion can achieve the fastening effect. Although the claw penetration method can be
fabricated easily, it is complex to control as the claw should be positioned direction-
ally to the substrate to generate optimal gripping force [35]. Hence the rank is lower
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than the frictional method. The wet adhesion method requires special liquid between
the object and the substrate [68]. The continuous provision of this consumable sub-
stance makes the application difficult to apply. In addition, to use a suction force,
it is necessary to remove the air between the pad and substrate to reduce internal
pressure, which is not easy on irregular tree surface. As a result, the rank is lower
than the claw penetration method. As for the Van der Waals force, the micro/nano
meter scale biomimetic pad is difficult to make. Although there are a lot of studies
focusing on it, such as [1] [69] [67], the technology is still not mature enough. The
adhesive force will degrade with time due to dust and dirt [70], so its rank is the
lowest.

For the maneuvering method, the complexity of maneuvering is defined as the
control effort. The wheel-driven method maneuvers by a continuous rolling mo-
tion. One control command is enough for maneuvering, so the rank is highest. The
extend-contract method consists of two motions, i.e., extend and contract. A two-
motion step is needed, which is somewhat more complex than the wheel-driven
method and hence the rank is lower. The body bending and extend-contract with
bend methods need to control the bending in three-dimensional space. It needs
six control inputs to define the position and orientation in three-dimensional space
which is more complex to control. In a quadrupedal gait, it needs to control four
limbs. In addition, the motion of the limbs must be synchronized when moving. It
is much more complex than the above method. In tripod gait, the situation is similar
to the quadrupedal gait, but it needs to control six limbs and hence the rank is lower
than the quadrupedal gait method. As for the wave form generation and rolling in
helical shape, they are achieved by using hyper redundant actuators. Hence they
rank the lowest.

3.4.4 Adaptability

The adaptability of the fastening method represents the range of admissible grip-
ping substrate and large range is preferred. To compare the adaptability fairly, the
fastening mechanism of different fastening method is assumed to be in the same
size. Frictional gripping method requires gripping over half of the surface (gripping
angle larger than 180 degrees). The range of claw penetration method covers all the
range of frictional gripping method and even capable of fasten on a surface with
gripping angle smaller than 180 degrees. As a result, the claw penetration method
is ranked higher than the frictional gripping method. The wet adhesion and Van der
Waals force can adhere on any shape of substrate such as concave surface that the
claw penetration method cannot achieve. Hence the ranking of wet adhesion and
Van der Waals force are highest.
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3.4.5 Size

As for the fastening method, the size of a robot using frictional gripping is similar
to the diameter of the gripping substrate, while by using the claw penetration, under
half of the size is adequate. As for wet and dry adhesion, they are independent of
the size of the gripping substrate. As a result, the ranking of size for the fastening
method is same as the adaptability for the fastening method.

The size of the maneuvering methods is related to the complexity of the mech-
anism. It can be quantified by the number of actuators required. The simpler the
mechanical structure, the smaller the robot can be. A wheel-driven method is the
simplest mechanism, as it maneuvers by rolling. One control command is enough,
so the rank is highest. The extend-contract method is a one DOF motion, which can
be achieved by an actuator. As a result, the rank is the same as the wheel-driven
method. The body bending and extend-contract with bend methods needs to con-
trol the bending in three-dimensional space. It needs at least six DOF to define
the position and orientation in three-dimensional space. In a quadrupedal gait, each
limb only has two DOF (which can be more in actual cases), so eight actuators are
required in total. The concept is the same for a tripod gait, twelve actuators are re-
quired. As for wave form generation and rolling in helical shape, it is achieved by
hyper redundant actuators. Hence their ranks are the lowest.

3.4.6 Speed

The speed of the maneuvering method is determined by how far a robot can move
forward in one climbing gait. Since the wheel-driven and rolling in helical shape
methods do not have a concept of climbing gait and can move continuously, their
ranks are the highest. The distance moved in a climbing gait is equal to the wave
length of the motion. The wave length is usually two times of the distance between
the adjacent legs d as illustrated in Fig. 3.2. To make a fair comparison, the distance
is compared by dividing the maximum length of the robot L, that is,

2d
L

(3.2)

In each of the climbing gait, body bending, extend-contract, and extend-contract
with bend, and quadruped methods can move same as the maximum length of the
robot and their ranks are highest. As for the tripod gait, it can only move forward two
third of its maximum length. As a result, it is ranked lower than the above method.
As for the wave form method, since it moves by multiple legs, it ranks the lowest
according to (3.2).

In summary, the performance of the existing tree-climbing robots based on the
design principles can be evaluated by radar charts as illustrated in Fig. 3.3. In the
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(a) (b) (c)

d

d

Fig. 3.2 Climbing gaits of different maneuvering methods. (a) Extend-contract gait; (b)
Quadrupedal gait; (c) Tripod gait.

figures, blue and red parts represent the performance of the fastening and maneuver-
ing method respectively, while the black lines represent the integrated performance.
It clearly shows the strengths and weaknesses of the robot designs. The radar chart
can also be deployed to design and evaluate a new robot by different combination
of the fastening and maneuvering methods.

3.5 Summary

A comprehensive study of the tree-climbing methods in both natural and artificial
aspects has been undertaken. The major fastening and maneuvering methods for
an arboreal environment have been introduced and discussed. The six major de-
sign principles were then proposed for designing a tree-climbing robot. The per-
formances of the natural and artificial climbing principles have been ranked based
on the design principles. It is a good reference to help with the selection of the
most appropriate climbing principles in designing a tree-climbing robot for specific
purposes.
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Fig. 3.3 Performance evaluation of the existing tree-climbing robots based on the design
principles.



Chapter 4
A Novel Tree-Climbing Robot: Treebot1

4.1 Objectives

Based on the limitation of the existing tree-climbing robots, one of the motivations
of the work presented in this book is to develop a novel type of tree-climbing robot
that can assist or replace humans in performing tasks on trees. The robot should
be applicable to various pursuits such as harvesting, tree maintenance and obser-
vation of arboreal animals. To achieve this goal, the robot should meet several
requirements:

1. High maneuverability. The robot should be capable of turning, transiting, and
climbing irregularly shaped trees to enhance the climbing workspace.

2. Adhesion to tree surfaces with a wide range of curvatures. It enables the robot
to climb from a large tree trunk to a small branch without needing to replace the
gripper.

3. High payload capacity. It allows the robot to carry necessary equipment for per-
forming tasks.

4. Lightweight and compact. Making a robot portable and easy transport is im-
portant because the transportation of heavy machinery is not possible in some
environments in which it might be used such as mountain.

5. Energy saving. As a self-contained field robot, power is provided by an integrated
battery. As the capacity of battery is limited, an energy saving design is crucial
to prolong the robot’s working hours.

6. An autonomous climbing ability. A certain level of autonomous climbing ability
of the robot helps reduce the complexity of manipulation required for operation
by users.

1 Portions reprinted, with permission from Tin Lun Lam, and Yangsheng Xu, “A Flexible
Tree Climbing Robot: Treebot - Design and Implementation”, Proceedings of the IEEE
International Conference on Robotics and Automation. c©[2011] IEEE.

T.L. Lam and Y. Xu: Tree Climbing Robot, STAR 78, pp. 23–54.
springerlink.com c© Springer-Verlag Berlin Heidelberg 2012
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4.2 Approach to the Robot Design

The design principles needed to be considered with priority included maneuverabil-
ity, adaptability, robustness, and size. Table 3.3 can be used as a reference to design
the tree-climbing robot.

In terms of fastening method, only claw penetration method has high ranks in all
considered design principles. As a result, this method is adopted in the robot design.
As for the maneuvering method, the table shows that the extend-contract with bend
methods have satisfied performance in view of the considered design principles. As
a result, the extend-contract with bend method is adopted. According to Table 3.3,
the expected performance of a tree-climbing robot with the use of claw penetra-
tion method for fastening and extend-contract with bend method for maneuvering is
shown in Fig. 4.1. Although the maneuverability of the extend-contract with bend
method is not the highest, it is enough to fulfill the maneuver requirements. In order
to further improve the performance, a novel maneuvering mechanism is proposed. It
is still using the extend-contract with bend motion but fewer actuators are required.
Hence the size and complexity can further be reduced.
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Fig. 4.1 Expected performance of a tree-climbing robot with the use of claw penetration
method for fastening and extend-contract with bend method for maneuvering.

4.3 Structure

Fig. 4.2 shows the overall structure of the proposed tree-climbing robot “Treebot”.
Treebot is composed of three main elements: a tree gripper, a continuum body and a
semi-passive joint. Two grippers connect to the ends of the continuum body respec-
tively, and the semi-passive joint is installed between the body and the front gripper.
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Treebot has three active DOFs, i.e., the continuum body and the two passive DOFs,
i.e., in the semi-passive joint, which is a kind of underactuated robot. On the other
hand, only five actuators are used, two for the motion of the grippers and three for
the motion of the continuum body. Several sensors are also installed for exploring
the environment.

Continuum 
body 

Semi-passive joint 
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gripper 

Tendon driving motor 

Linear motor

Tilting sensor 

Tendon 

Battery

Claw

Tentacles
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zz
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Fig. 4.2 Structure of Treebot.
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4.3.1 Tree Gripper

The proposed gripper is designed to fasten onto a wide variety of trees with a wide
range of curvatures. There are many innovative approaches for generating adhesive
force, such as vacuum suction [4, 8, 51, 52], magnetic attraction [5, 6, 31, 49, 50],
elastomeric adhesive [7, 53], electroadhesion [2] and fibrillar adhesion [1, 3]. These
methods work well on manmade structures such as vertical walls and glass windows
that are smooth and flat. However, they are not applicable to tree surfaces, which are
completely different in nature. Observation of the arboreal animals indicates that the
claw gripping method is reliable on tree surfaces, and this method is thus adopted
in the proposed tree gripper to generate the fastening force.

The gripper is composed of four claws equally separated by 90 degrees that per-
mits omni-directional gripping about its principal axis. Fig. 4.3 shows the mechan-
ical design of the gripper in different views. The design is somehow like birds’
feet. The gripper should be appressed to the tree surface (the center of the grip-
per makes contact with the gripping surface and the principal axis of the gripper is
collinear with the surface normal) to generate maximal fastening force. Each claw
is composed of two parts, Phalanx 1 and 2, and has surgical suture needles (spine)
installed at the tips. The claws adopt a two-bar linkages mechanism to generate the
optimal direction of acting force. Each gripper has one linear motor that actuates
all claws. A pushing plate is mounted at the end of the linear motor. The gripping
mechanism is illustrated in Fig. 4.4. When the linear motor extends, the plate pushes
all the Phalanx 1 downward and hence makes the Phalanx 2 upward. The spring on
Joint A is compressed. This motion pulls spines off the gripping substrate. When
the linear motor contracts, the compressed springs on Joint A generate a force to
push the claws back into the gripping substrate. As the gripping force is generated
by the compressed springs only, static gripping can be achieved with zero energy
consumption. A constant force spring (a flat spiral spring) is adopted to ensure that
the force is independent of the claw traveling angle. In addition, as the mechanism
of each claw is independent, the claws are capable of traveling in different angles.
This ensures that all of the claws penetrate into the gripping substrate to generate
the maximal force even if it has an irregular shape.

Tentacles are installed beside each claw. These have various functions, including
acting as tactile sensors, helping to ensure that the gripper is appressed to the tree
surface, and helping the claws to retract from the gripping substrate. The gripper
allows omni-directional gripping about its principal axis so that no additional ori-
entation actuator or control is needed. Additionally, the gripper is actuated by one
motor only, which makes it light, compact, and easy to control.

Fig. 4.5 shows the prototype of the proposed tree gripper. The gripper is 130mm
(height) × 160mm (width) × 160mm (length) in size and weighs 120 grams. The
torque on each spiral spring at Joint A is around 50Nmm and the preload torque on
each spring at Joint B is around 35Nmm. The linear motor can open the gripper by
around 20N pushing force. It can be observed from the figure that the claws can
travel in different angles to adapt the curved surfaces.
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Fig. 4.3 Structure of the tree gripper. (a) Isometric view; (b) Top view; (c) Cross-sectional
view.

4.3.2 Continuum Body

There are many types of continuum manipulators that utilize pneumatic-driving
[36–38] or wire-driving mechanism [40, 41]. Most of them are capable of bending
in any direction and some of the pneumatic-driving manipulators are even capable
of extending to a certain extent. Most of the researches use the continuum struc-
tures as robot arms, but seldom researchers have realized that it can also be applied
to maneuver. The continuum mechanism is a compliant structure, as it does not
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Fig. 4.4 Gripping mechanism of the tree gripper in cross-sectional view.
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Fig. 4.5 Prototype of the tree gripper.

contain fixed joints [39]. Its inherent passive compliance is of particular benefit for
maneuvering in an irregular arboreal environment, as it often eliminates the need for
complex force sensing and feedback control [34]. For climbing purposes, the ma-
nipulator should be compact and lightweight. There are many types of continuum
manipulator, but none of them fulfills all of these requirements. The existing con-
tinuum manipulators need to connect to a large external device that contains wires,
drivers, motors, or air pumps. Although some wire-driven continuum manipulators
[40, 41] have the potential to be more compact and lightweight, they are not extend-
able. Extendibility is important, as Walker [42] shows that the inclusion of extension
ability for continuum manipulators highly extends the workspace.

Due to the limitations, a novel design of a continuum manipulator with both
bendable and extendable abilities is proposed as the robot’s body for maneuvering.
The continuum body is a type of single section continuum manipulator [30] with
a novel mechanism. It has high degrees of freedom (DOFs) and a superior ability
to extend that the existing manipulators cannot achieve. The continuum body can
extend more than ten times its contracted length. By comparison, OCTARM V [37],
has only 75 percent extension capability. This allows the robot to maneuver in com-
plex arboreal environment. The continuum body has three DOFs that can extend and
bend in any direction. In Treebot, it acts as a maneuvering mechanism to place one
end of the gripper on a target position, allowing the robot to reach many places on a
tree. The locomotion of Treebot is similar to that of an inchworm robot [31], except
that the moving motion is achieved by body extension and contraction, rather than
body bending. As the extension and contraction maneuvering mechanisms place the
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center of mass of Treebot close to the climbing surface, a smaller pitch-back moment
is produced when climbing. Jiang [32] also proposed another type of inchworm-
like robot for planar maneuvering. Similar to our approach, it moves by extending
and contracting its body but no bending motion is allowed. Lim [33] proposed a
pneumatic-driven extension and contraction moving mechanism that is able to be
bent passively. However, it is only suitable for inner pipe maneuvering.

The inherent passive compliance of the continuum body allows it to be sheared
in 2-DOF along x- and y-axes and be twisted about z-axis by external force. The
definition of the coordinate system is shown in Fig. 4.2. The compliance is useful
for adapting to the irregular shape of trees, as it eliminates the need for complex
force sensing and feedback control [34]. The proposed continuum manipulator is a
self-contained module with integrated actuators, and thus no external control box is
required. This makes the continuum body compact and lightweight.

Fig. 4.6 shows a computer-aided design (CAD) model of the proposed contin-
uum body. It is composed of three mechanical springs that are connected in parallel.
The distances between the center of the continuum manipulator and the springs are
equal, and the springs are equally separated by 120 degrees. One end of each spring
is fixed on a plate, and the other end has no fixed connection. The springs pass
through a plate that contains three DC motors to control the length of the springs
between the two plates independently. By controlling the length of each spring, the
continuum manipulator can perform bending and extension motions. Commonly,
the number of actuators required for each section of the continuum manipulator is
more than the number of admissible degrees of freedom. However, in the proposed
structure, only three actuators are used but three DOFs are provided. This struc-
ture provides the maximum DOF with the minimum number of actuators. Fig. 4.7
shows the prototype and illustrates some of the admissible motions of the continuum
body. The actuation mechanism is similar to a rack and pinion mechanism, which
allows the unlimited extension of the continuum manipulator theoretically. In prac-
tice, extension is limited by the length of the springs. Each spring can be treated as
a bendable rack, and is only allowed to bend in any direction but not to compress or
extend to keep a constant gap distance within which the pinion can drive. Maintain-
ing the springs at constant intervals across the body is important to retain a uniform
shape, and several passive spacers are installed in the middle of the body for this
purpose. The maximum distances between the spacers are constrained by wires.

The inherent passive compliance allows the continuum body to be sheared along
the x- and y-axes and twisted about z-axis by external force, as shown in Fig. 4.8.
This passive compliance results from the bendable characteristics of the mechani-
cal springs. The amount of compliance increases when the continuum manipulator
extends.
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Fig. 4.6 Mechanical design of the proposed continuum body.
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(a)      (b) 

(c)

(d)      (e) 

Fig. 4.7 Prototype of the continuum body and illustration of the admissible motions: (a)
contraction; (b) extension; (c) forward bending; (d) right bending; (e) left bending.

4.3.3 Semi-passive Joint

To appress the gripper to a gripping surface, the gripper should have a certain turning
ability about the y- and z-axes. However, the inherent compliance of the continuum
body does not include rotational motion about the y-axis and only affords a lim-
ited twisting angle about the z-axis. An additional device is thus needed to provide
enough degrees of freedom. To provide the requisite degrees of freedom and main-
tain the light weight of the robot, a semi-passive joint is developed that comprises a
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(a)      (b) 

Fig. 4.8 Compliance of the continuum body: (a) shearing and (b) twisting.

passive revolute joint with two DOFs. A passive joint is used rather than an active
joint to eliminate the need for complex controls to orient the joints and to reduce
the number of actuators, thereby keeping Treebot lightweight. The joint is installed
between the front gripper and the continuum body, and can lock and unlock actively.
To reduce the number of actuators required, the lock/unlock action is controlled by a
linear motor that controls the gripping motion of the front gripper. When the joint is
unlocked, the joint can be rotated about the y- and z-axes. When the joint is locked,
it actively returns to the initial orientation in which rotation about the y- and z-
axes is zero. The locking mechanism is needed to fix the front gripper for exploring
purpose.

The semi-passive joint is composed of three parts, Part A, B, and C, as illustrated
in Fig. 4.9. Part A is connected to the gripper, Part B is connected to the continuum
body, and Part C keeps Part A inside Part B. It can be observed that the joint can
freely be rotated in the y- and z-axes only. The range of the twisting angle on the y-
axis is ±45 degrees. There is no mechanical constraint on the twisting angle for the
z-axis. However, if the joint turns over±60 degrees, the locking system is unable to
force the joint to return to the initial orientation. As a result, the angle of twist about
the z-axis must be constrained to ±60 degrees.

At the contact surfaces of Part A and B, there is a convex and a concave triangu-
lar cone respectively. The convex triangular cone fits inside the concave triangular
cone, and together the cones work as a locking system to return the joint to the ini-
tial orientation. The locking mechanism is illustrated in Fig. 4.10. A wire passes
through the center of Parts A and B along the z-axis. One end of the wire is fixed on
the continuum body, and the other end is connected to the linear motor at the front
gripper. The semi-passive joint shares an actuator with the front gripper. When the
linear motor extends, the wire pulls Part B close to Part A. The convex and concave
triangular cones between the two parts then push together and force the joint to re-
turn to the initial orientation.

Fig. 4.11 shows the hardware prototype of the semi-passive joint in an unlocked
state. It can be observed that the joint can be twisted about the z-axis. Fig. 4.12 also
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Fig. 4.9 Design of the semi-passive joint.

illustrates the gripper in unlocked and locked state. In Fig. 4.12(a), the front gripper
is closed. The semi-passive joint is unlocked, and the front gripper is not in the ini-
tial orientation. When the front gripper is opened, the semi-passive joint is locked
(Fig. 4.12(b)) and the front gripper returned to the initial orientation.

4.3.4 Sensors

To realize the motions of Treebot and explore the environment, three types of sen-
sors are used, i.e., encoders, tactile sensors, and tilting sensors. Encoders are in-
stalled on each tendon of the driving motor to measure the posture of the continuum
body. Four tactile sensors which act as tentacles are installed on each gripper to
detect the interaction between the gripper and the climbing surface. A triple-axis
tilting sensor is also attached to the front gripper to measure the direction of gravity.

4.4 Locomotion

The locomotion of Treebot is similar to that of inchworms, which is a kind of bipedal
locomotion. Fig. 4.13 shows a complete climbing gait of the locomotion. It is com-
posed of six climbing procedures. The square colored in grey represents the closed
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Fig. 4.10 Locking mechanism of the semi-passive joint.

gripper that attaches to the substrate, while the square colored in white represents
the opened gripper that detaches from the substrate. The order of the motions illus-
trated in the figure represents the locomotion of moving forward. The locomotion
of moving backward is the same but in reverse order.

Treebot is capable of changing its direction of movement in three-dimensional
space by bending the continuum body. This allows Treebot to climb along a curved-
shape tree or avoid obstacles, giving Treebot high maneuverability surpassing that
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        (a)           (b) 

Fig. 4.11 Hardware prototype and the installation position of the semi-passive joint. (a) Ini-
tial orientation; (b) Twisted about the z-axis.

(a)       (b) 

Fig. 4.12 Semi-passive joint: (a) unlocked; (b) locked.

Fig. 4.13 A complete climbing gait of Treebot (moving forward).
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of the existing tree-climbing robots. Fig. 4.14 shows a sequence of climbing mo-
tions that allow it to avoid an obstacle on a tree. In the motion, Treebot first adjusts
the direction of the rear gripper and then climb along that direction to avoid the
obstacle. This method is also applicable for turning to another side of a branch or
selecting a branch to climb.

a b c d

Obstacle Obstacle Obstacle Obstacle

Fig. 4.14 Motions to avoid an obstacle.

4.5 Hardware Prototype

Fig. 4.15 and Fig. 4.16 show the prototypes of Treebot. The first prototype named
Treebot is a remote-control robot with no sensor installed. It is used to verify the
mechanical design by manual control. The components are mainly made of poly-
oxymethylene plastic and aluminum alloy to keep the robot in lightweight, and the
springs on the continuum body are made of steel. The prototype weighs only 600
grams, which is very light when compared with the existing tree-climbing robots.
It is capable of extending by a maximum of 340mm, and has a climbing speed of
22.4cm/min.

The second prototype, Treebot-Auto, is designed to implement the autonomous
climbing strategy, and is equipped with several sensors. Several performances such
as climbing speed have been improved when compared with the first prototype.
The weight of Treebot-Auto, including the battery, is 650 grams, which is slightly
heavier than the previous version. The detailed specifications of the prototypes are
summarized in Table 4.1.
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Fig. 4.15 The first prototype: Treebot.
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Fig. 4.16 The second prototype: Treebot-Auto.
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Table 4.1 Specifications of Treebot

Parameters Treebot Treebot-Auto

Weight 600grams 650 grams
Height 135mm 135mm
Width 175mm 175mm
Length (minimum) 325mm 370mm
Length of extension 340mm 220mm
Maximal bending curvature 1/30mm−1 1/30mm−1

Power source NiMh 4.8V 1000mAh LiPo 7.4V 800mAh
Runtime 2.5 hours 3 hours
Maximal climb-up speed 26.4cm/min 73.3cm/min
Maximal inclined angle 105◦ 105◦
Adaptable tree diameter 64-452mm 64-452mm

4.6 Energy Consumption

One of the excellent features of Treebot is that it consumes little energy. It can even
consume zero energy when it holds on a tree. This is accomplished by the special
design of the gripper and the self-locking characteristic of the actuators. The actua-
tors can attach on a position without consuming any energy as the gripping force is
generated by the preload force of the springs in the gripper.

This feature make Treebot suitable for lengthy work on trees, such as surveil-
lance. Treebot also consumes little energy when climbing, and can climb continu-
ously for almost 3 hours on a LiPo two-cell 7.4V/800mAh battery, which weighs
about 45 grams.

4.7 Accessories

Treebot can be equipped with several accessories, such as a camera and a photo-
voltaic module as shown in Fig. 4.17 and Fig. 4.18 to enhance its functionality.

The camera can be used to inspect the tree surface or for surveillance. It is fixed
on the front gripper. The direction of the camera can be controlled by the continuum
body, and hence additional actuators are not required.

A photovoltaic module can be equipped if Treebot is needed to work on a tree for
long time such as several days or weeks. As Treebot is designed to work outdoors,
renewable solar energy is the best option for providing unlimited energy. This will
eliminate the need to replace the battery and enable Treebot to remain and work on
a tree independently.
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Fig. 4.17 A camera module.

Fig. 4.18 A photovoltaic module.

The wireless camera weighs only 12 grams, and the photovoltaic module just
10.9 grams. As both accessories are lightweight, they will not affect much of the
climbing performance.

4.8 Control

4.8.1 Control Architecture

The control architecture is divided into two parts: the ground station and the embed-
ded microcontroller in the robot itself. Fig. 4.19 illustrates the control architecture
and the functions of each part, and Fig. 4.20 shows the interface of the ground sta-
tion. The control mechanism has a master-slave architecture. The ground station
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works as a master, making decisions and monitoring the state of Treebot. A video
signal from Treebot can be displayed on the ground station in real-time. The user
can also control Treebot manually through the ground station. The embedded mi-
crocontroller works as a slave to implement the motions commanded by the ground
station.

Ground Station

-Monitoring

-Motion planning 

-Manual Control 

-Video signal 

-State of TreeBot 

-Motion command 

TreeBot

-Motion Control

Fig. 4.19 Control architecture of Treebot.

Fig. 4.20 Interface of the ground station.
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Decision-making involves complex algorithms that require a high computational
power. If the computational work was performed by Treebot itself, then the robot
would need a large processor and would consume much more energy, which would
make it heavier. Decision-making is thus carried out on the ground station to allow
the robot to be lighter.

4.8.2 Manual Control

Treebot can be a remote control robot. The control input of the gripper is simply an
on/off command, and it makes the grippers fully open or close. As for the control of
the continuum body, since it has three DOFs, three channels of input are needed. One
way to control Treebot is to input the length of each spring directly. However, it is
not an intuitive method for human manipulation. Humans always have a perspective
of the direction of motion when controlling something, i.e., the concept of left, right,
front, and back. As a result, to make an intuitive controller, we define three control
inputs, i.e., Sinput , κFB

input and κLR
input . Fig. 4.21 shows the correspondent configuration

of the control panel. Sinput controls the length of the continuum body, κFB
input controls

the magnitude of front and back bending while κLR
input controls the magnitude of left

and right bending. The concept of front is defined as the direction of positive x-axis,
and the concept of left is defined as the direction of positive y-axis. The mapping
from the control inputs to the posture of the continuum body are as follows:

⎡
⎣ S

κ
φ

⎤
⎦=

⎡
⎢⎢⎢⎣

Sinput

min

(√
κFB

input
2
+κLR

input
2
,κmax

)

atan2
(

κLR
input ,κFB

input

)

⎤
⎥⎥⎥⎦ (4.1)

where Sinput ∈ [0,Smax] and κFB
input ,κLR

input ∈ [−κmax,κmax]. S, κ and φ are the parame-
ters to describe the posture of the continuum body that is defined in Chapter 6. Once
the posture of the continuum manipulator is determined, the length of each spring
can be found by (6.1).

4.9 Experiments

Numerous experiments have been conducted to evaluate the performance of Treebot
in various aspects, including generality, transition motion, turning motion, slope
climbing and payload.
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inputS

FB
input

LR
input

Rear gripper
On/Off

Front gripper
On/Off

 
Fig. 4.21 Configuration of the control panel to control Treebot.

4.9.1 Generality

Tree-climbing tests were carried out on thirteen species of trees. The tree species,
bark texture, diameter, and the number of trials, and number of successful climbing
gaits (as illustrated in Fig. 4.13) are summarized in Table 4.2. Some of the testing
environments are also shown in Fig. 4.22. The results show that Treebot performs
well on a wide variety of trees. It can be realized that the range of successful climb-
ing diameter of tree is wide, from 64mm to 452mm. However, Treebot did fail to
climb several species of trees, including Melaleuca quinquenervia, Cinnamomum
camphora, and Bambusa vulgaris var. Striata. Treebot failed to climb on Bambusa
vulgaris var. Striata because the surface of this tree is very hard and difficult for the
spine on the gripper to penetrate. Melaleuca quinquenervia and Cinnamomum cam-
phora both have peeling bark, and although the gripper could grip them, Treebot fell
off as the bark peeled away. These experimental results indicate that Treebot per-
forms well on trees with surfaces that are not particularly hard and on non-peeling
bark.

4.9.2 Transition Motion

To verify the maneuverability of Treebot, its transition motion from a trunk to a
branch was tested on a Bauhinia blakeana. The diameter of the trunk was 280mm
and the slope was about 45 degrees. The diameter of the target gripping branch was
118mm and the slope was about 90 degrees. Some of the transition motions are de-
picted in Fig. 4.23. It shows that Treebot successfully left the trunk and completely
climbed on the branch by bending the continuum body backward to fit the shape.
This transition motion takes three climbing steps in three minutes.
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Table 4.2 Climbing performance on different species of trees

Tree Bark texture Diameter
(mm)

No. of steps
(Success/Total)

Bombax
malabaricum

Rough 452 20/20

Callistemon
viminalis

Ridged and furrowed 315 20/20

Delonix regia Smooth 309 20/20
Bauhinia blakeana Smooth 80, 207 20/20
Bauhinia variegate Smooth 258 20/20
Roystonea regia Shallowly fissured,

smooth
352 20/20

Acacia confuse Smooth 229 20/20
Grevillea robusta Scaly 159 20/20
Bambusa
ventricosa

Smooth 64, 95 20/20

Araucaria
heterophylla

Banded 277 20/20

Cinnamomum
camphora

Ridged and furrowed,
exfoliating

210, 293 13/20

Bambusa vulgaris
var. Striata

Smooth, hard 99 1/5

Melaleuca
quinquenervia

Sheeting, soft,
exfoliating

446 0/5

Another transition motion was tested on a Delonix regia with diameter 310mm as
shown in Fig. 4.24. Treebot succeeded to climb from a trunk to a branch at right hand
side. This motion took five climbing steps and around five minutes. In Fig. 4.24(c), it
can be observed that the continuum body was twisted about 90 degrees along z-axis
to make the front gripper appress to the tree surface. It demonstrated that the passive
compliance on the continuum body is useful to help Treebot adapts unstructured
environment.

4.9.3 Turning Motion

A turning motion has also been performed to evaluate the maneuverability of Tree-
bot. The experiment was carried out on a Bauhinia blakeana trunk with a diameter
of 207mm. Fig. 4.25 depicts part of the turning motions. It can be seen that Tree-
bot successfully moved from the front to the back of the trunk. This motion took five
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(a)    (b)    (c) 

(d)    (e)    (f) 

Fig. 4.22 Climbing test on different types of trees: (a) Callistemon viminalis; (b) Bambusa
ventricosa; (c) Araucaria heterophylla; (d) Cinnamomum camphora; (e) Bambusa vulgaris
var. Striata; (f) Melaleuca quinquenervia.

climbing steps and around five minutes. The compliance of the gripper resulted in
successful appression to the tree surface (Fig. 4.25(b), (c) and (d)), allowing Treebot
to perform the turning motion successfully.

4.9.4 Slope Climbing

The limitation of the slope that Treebot is capable of climbing is 105 degrees. The
details of this limit can be found in Chapter 6. An experiment was conducted to
examine the maximum climbing slope of Treebot. It has been implemented on a
Bauhinia blakeana with a diameter of 172mm. The climbing angle was about 103
degrees. Part of the climbing motions is depicted in Fig. 4.26, which shows that
Treebot was able to climb the slope successfully. There was no over slope climbing
effect appeared in the experiment.
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It was also attempted to make Treebot climb a tree with a slope larger than its
climbing limit. As shown in Fig. 4.27, Treebot tried to climb a Bauhinia blakeana
with a diameter of 207mm and a climbing angle of about 110 degrees. It can be
noticed in Fig. 4.27(b) and (d) that an over-slope climbing effect occurred. This
position cannot be adjusted as the compliance of Treebot as insufficiently to com-
pensate for the outward angle. As a result, Treebot cannot climb up further.

4.9.5 Payload

As Treebot is designed to carry equipment up a tree, a payload test was implemented
to realize the maximum payload of Treebot. The experiment revealed that Treebot
can climb with 1.75kg of extra weight (Fig. 4.28), which is almost three times its
own weight.

4.10 Performance Comparison

Table 4.3 makes a clear comparison among Treebot and other tree-climbing robots.
The best performance for each item is highlighted. The “/” sign denotes that the
data are not available. By neglecting the unknown data, it can be seen that Treebot
ranks the best in most aspects except for climbing speed and number of actuators.
However, Treebot has only one more actuator than the best performing robot in this
respect (Kawasaki’s pruning robot), and although it is slower than the fastest climber
(RiSE V3), it can still climb faster than the other two robots.

4.11 Summary

In this chapter, the development of a novel tree-climbing robot, Treebot, is pre-
sented. Treebot is lightweight and compact. It is composed of a pair of omni-
directional tree grippers that allow the robot to hold onto trees and a novel three
DOF continuum body for maneuvering. Numerous experiments were conducted to
test its performance. The results reveal that the proposed design is capable of climb-
ing a wide variety of trees with a high maneuverability. The range of gripping curva-
tures is also very wide. It is found that Treebot has excellent climbing performance
on the trees with surfaces that are not very hard and do not have easy peeling bark.

One of the original contributions of this work is the application of the extend-
able continuum mechanism as a maneuvering system for tree climbing. This opens
up a new field of applications for the continuum mechanism. Through studies and
experiments, it is discovered that the extendable continuum mechanism is highly
suitable for tree-climbing application. It gives Treebot has high maneuverability
such that the admissible climbing workspace surpasses that of all the state of the art
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1.75kg

Fig. 4.28 Climbs with 1.75kg payload.

tree-climbing robots. The inherent compliance of the continuum mechanism also
simplifies the control issues and keeps Treebot lightweight.

Another contribution is the development of a miniature omni-directional tree
gripper. This unique mechanical design makes the gripper compact and simple to
control. It consumes zero energy in static gripping, which enables Treebot to re-
main on a tree for a long time. The gripper is also able to attach to a wide variety
of trees with a wide range of gripping curvatures. This permits Treebot to climb
between a large tree trunk and small branches without any change in the gripper
settings. On top of that, the gripper settings are optimized analytically to generate
the maximum gripping force which detail is discussed in Chapter 5.



Chapter 5
Optimization of the Fastening Force1

The proposed tree gripper introduced in Chapter 4 is simple in control. It also im-
plies that it has less controllability. In order to tackle the variant environment in
limited controllability, the setting of the gripper should be optimized so as to maxi-
mize the fastening force in a wide range of surface curvature. The optimized items
include the spine installation angle and the spring force distribution so as to provide
optimal spine insert angle and direction of action force over a wide range of surface
curvatures. On-tree experiments of the proposed mechanism will be presented at the
end of this chapter to evaluate the optimization results.

5.1 Gripping Configuration

The gripper is designed for gripping convex surface. The gripping position can be
divided into two parts, that is a closer-half (smaller than 180 degrees gripping angle)
and a farer-half (more than 180 degrees gripping angle), as illustrated in Fig. 5.1.
The figure also illustrates the simplified gripper model and its parameters. Lc is the
length of the claw. w denotes the distance between the revolute joint of the claw and
the principal axis of the gripper. h denotes the vertical distance between the revolute
joint of the claw and a gripping substrate. r is the radius of the gripping substrate.
When the claws are long enough to grip the farer-half of a substrate, a large gripping
force can easily be achieved, as just maintaining the claw position is enough to lock
the gripper onto the substrate (a force-closure grasp). According to Fig. 5.2(a), to
avoid the collision among the claws, the minimal radius of the gripping substrate by
interlocking method is,

r =

√
Lc

2−w2− h
2

(5.1)

1 Portions reprinted, with permission from Tin Lun Lam, and Yangsheng Xu, ”Mechanical
Design of a Tree Gripper for Miniature Tree-Climbing Robots”, Proceedings of the
IEEE/RSJ International Conference on Intelligent Robots and Systems. c©[2011] IEEE.

T.L. Lam and Y. Xu: Tree Climbing Robot, STAR 78, pp. 55–72.
springerlink.com c© Springer-Verlag Berlin Heidelberg 2012
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w

hLc

r

Gripper

Claw

x

y

Revolute joint

Cross-sectional view 
of a gripping surface

Gripping 
angle

Farer-half

Closer-half

Contact 
point

Fig. 5.1 Representation of the gripping position.

w
h

Lc
r

w
h

Lc
r

r

(a) (b)

Fig. 5.2 (a) Notations to find out the minimal radius of a substrate by interlocking method. (b)
Notations to find out the minimal radius of a substrate that the gripper is capable of gripping
the closer-half of the substrate only.



5.2 Generation of the Adhesive Force 57

If the gripper is to be compact, then the claws cannot be made sufficiently long
to always be capable of griping the farer-half of the substrate. In such cases, the
gripper must generate sufficient adhesive force by the penetration of spines into
a tree surface to avoid being pulled out by the pitch-back moment. According to
Fig. 5.2(b), the minimal radius of a gripping substrate that the gripper is only capable
of gripping the closer-half is,

r =
w− h+

√
Lc

2− (h+w)2

2
(5.2)

As it is aimed to make a miniature robot, the tree gripper is mainly designed and
optimized for gripping on the closer-half of a gripping substrate.

5.2 Generation of the Adhesive Force

According to [35], the penetration of a spine can generate both shear force (parallel
to the substrate surface) and adhesive force (normal to the substrate surface). The
magnitudes of these forces are related to the spine insert angle (θi) and the direction
of acting force. To determine the force generated by the penetration of the spines,
the insert angle must be known. It is assumed that the gripping substrate is in a
cylindrical shape with a radius of r, as shown in Fig. 5.3(a). When a claw penetrates
the substrate at a certain orientation (σ ), the gripping curvature becomes an ellipse.
Fig. 5.3(c) shows the notations for the gripping curvature and the gripper parame-
ters. θs is the spine installation angle and θc is the gripping angle of the claw. To find
the spine insert angle, the coordinates of the contact point in a x′ − y′ frame (xi

′,yi
′)

must first be obtained. This can be achieved by finding the intersection point of the
ellipse (E) and the circle (C), which represent the gripping curvature and the motion
trajectory of claw respectively:

E :
x
′2
i

ae
2 +

y
′2
i

be
2 = 1 (5.3)

C :
(
x′i− xc

)2
+
(
y′i− yc

)2
= rc

2 (5.4)

where be = r, ae = r/cosσ , xc = w, yc = r+ h and rc = Lc.
Rewrite (5.4):

x′2i − 2xcx′i + xc
2 +
(
y′i− yc

)2− rc
2 = 0

[
x′i

2
+ xc

2 +
(
y′i− yc

)2− rc
2
]2

=
(
2xcx′i

)2 (5.5)

Sub. (5.3) into (5.5):

[
ae

2

(
1− y′i

2

be
2

)
+ xc

2 + y′i
2− 2ycy′i + yc

2− rc
2

]2

= 4xc
2ae

2

(
1− y′i

2

be
2

)
(5.6)
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Fig. 5.3 Notations for the gripping curvature and the gripper parameters.

{[
1−
(

ae

be

)2
]

y′i
2− 2ycy′i +

(
xc

2 + yc
2 + ae

2− rc
2)
}2

= 4xc
2ae

2

(
1− y′i

2

be
2

)

(5.7)

Let b0 =

[
1−
(

ae
be

)2
]

, b1 = −2yc, and b2 =
(
xc

2 + yc
2 + ae

2− rc
2
)
. Eq. (5.7)

becomes,
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(
b0y′i

2
+ b1y′i + b2

)2
= 4xc

2ae
2

(
1− y′i

2

be
2

)

b0
2y′4i + 2b0b1y′3i +

(
2b0b2 + b1

2)y′2i + 2b1b2y′i + b2
2 = 4xc

2ae
2− 4

(
xcae

be

)2

y′2i

a0y′4i + a1y′3i + a2y′2i + a3y′i + a4 = 0 (5.8)

where a0 = b0
2, a1 = 2b0b1, a2 =

[
2b0b2 + b1

2− 4
(

xcae
be

)2
]

, a3 = 2b1b2, and a4 =

b2
2− 4xc

2ae
2.

The derivation of (5.8) involves finding the roots of a quartic equation which can
be solved by Ferrari’s method. In that, real roots should be chosen as the solutions.
After obtaining yi

′, xi
′ can be determined by,

x′i =±
ae

be

√
be

2− y′2i (5.9)

Once the intersection point (x′i,y
′
i) has been found, the spine direction vector (vs

′)
can be determined from the following equation according to Fig. 5.4:

vs
′ = (−sinθsd ,cosθsd) (5.10)

where θsd = θc−θs, θc = π−θa−θb, θa = tan−1
(

h+r
w

)
, cosθb =

Lb
2+Lc

2−Li
2

2LbLc
, Lb

2 =

(h+ r)2 +w2, and Li
2 = x

′2
i + y

′2
i .

Lb

Li

w

h
Lc

c

x

y

Contact pointa
b

r (xi',yi')

s

Spine

c

sd

Fig. 5.4 Notations for defining the spine direction vector.

To transform the coordinates from the x′ − y′ frame to the x− y− z frame, a
rotation matrix about the y-axis (Roty(σ)) is used. The spine direction vector vs and
the coordinates of intersection

[
xi yi zi

]
in the x− y− z frame becomes:
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vs = Roty(σ)vs
′ (5.11)[

xi yi zi
]T

= Roty(σ)
[

xi
′ yi
′ 0
]T

(5.12)

As the gripping substrate is approximated as a cylinder, the normal vector of the
intersection point becomes:

vi =

(
xi√

xi
2 + yi

2
,

yi√
xi

2 + yi
2

)
(5.13)

Referring to Fig. 5.3, the spine insert angle θi, i.e., the angle between vs and vi can
be obtained from:

θi = cos−1 (−vi ·vs) (5.14)

As shown in Fig. 5.3(b), the direction of the adhesive force (vad) is equivalent to vi,
and the direction of the shear force (vsh) can be found by:

vsh = vi× vs× vi (5.15)

The total force generated by spine penetration is then:

F = fadvad + fshvsh (5.16)

where fad and fsh are the magnitude of the adhesive force and shear force respec-
tively.

According to the experimental results of [35], the relationships among the spine
insert angle, adhesive force, and shear force are illustrated in Fig. 5.5. The pull-in
force (the force that pulls the gripper towards the gripping surface) to compensate
for the pitch-back moment is contributed by the adhesive force and shear force of
the spine along the z-axis, i.e., Fz where F =

[
Fx Fy Fz

]
.

5.3 Optimization of the Spine Installation Angle

To generate maximal pull-in force in a range of gripping curvatures (K), the spine
installation angle (θs) must be optimized. As the gripper is designed for omni-
directional gripping about its principal axis as illustrated in Fig. 4.3, the gripping
force in different gripping orientations must also be considered. As the claws are
symmetrical in both x- and y-axes, the three gripping orientations shown in Fig. 5.6
are equivalent to sixteen gripping orientations that approximately covers most of
the possible solution. As a result, the optimization is based on these three gripping
orientations and a range of gripping curvatures.

The pull-in force of the gripper is contributed by the force of all claws. The
directions of the claws of the three gripping orientations are composed of σ =
0, π

8 ,
π
4 ,

3π
8 , π

2 = σa,σb,σc,σd ,σe where Orientation 1 is composed of 2σa + 2σe;



5.3 Optimization of the Spine Installation Angle 61

15 20 25 30 35 40 45 50 55 60
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Spine insert angle θ
i
 (degree)

N
or

m
al

iz
ed

 fo
rc

e

 

 
Adhesive force
Shear force

Fig. 5.5 Relationships among the spine insert angle, adhesive force, and shear force [35].
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Fig. 5.6 Representative gripping orientations.

Orientation 2 is composed of 4σc; and Orientation 3 is composed of 2σb + 2σd .
Fig. 5.7 to Fig. 5.11 shows the relationships among the spine installation angle, cur-
vature of gripping surface (K) and pull-in force (Fi, i = a,b,c,d,e), at different claw
directions with the gripper parameters: w = 20mm, Lc = 100mm, h = 25mm and the
range of tree radius: 64.5mm < r < 500mm. The minimum target radius 64.5mm is
obtained by (5.2) at which the gripper cannot grip the farer-half of the substrate.

The normalized gripping force generated by different gripping orientations of
the gripper can be obtained by summing the results according to the combination of
claw directions and then divided by four as illustrated in Fig. 5.12 to Fig. 5.14.

As the gripper is intended to be used omnidirectionally, we must find an optimal
installation angle that generate largest force in all gripping orientations. To help de-
termining the optimal installation angle, the average pull-in force generated by three
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Fig. 5.7 Relationships among the spine installation angle, the curvature of the gripping sur-
face and the normalized pull-in force at σ = 0.
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Fig. 5.8 Relationships among the spine installation angle, the curvature of the gripping sur-
face and the normalized pull-in force at σ = π/8.
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Fig. 5.9 Relationships among the spine installation angle, the curvature of the gripping sur-
face and the normalized pull-in force at σ = π/4.
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Fig. 5.10 Relationships among the spine installation angle, the curvature of the gripping
surface and the normalized pull-in force at σ = 3π/8.
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Fig. 5.11 Relationships among the spine installation angle, the curvature of the gripping
surface and the normalized pull-in force at σ = π/2.
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Fig. 5.12 Normalized pull-in force generated by the gripping posture Orientation 1 in differ-
ent spine installation angles and gripping curvatures.
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Fig. 5.13 Normalized pull-in force generated by the gripping posture Orientation 2 in differ-
ent spine installation angles and gripping curvatures.
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Fig. 5.14 Normalized pull-in force generated by the gripping posture Orientation 3 in differ-
ent spine installation angles and gripping curvatures.



66 5 Optimization of the Fastening Force

gripping orientations in different spine installation angles and gripping curvatures
are obtained and illustrated in Fig. 5.15. As seen in the figure, the minimal pull-in
force is greatest when θs = 0.76rad. This is thus defined as the optimal spine instal-
lation angle and it is adopted in the gripper design. Fig. 5.16 shows the normalized
pull-in force generated by the gripper in different orientations and different gripping
curvatures when θs = 0.76rad. In the figure, O1, O2, and O3 represent Orientation 1,
2, and 3 respectively. It can be realized from the figure that Orientation 3 generates
the largest pull-in force by this optimal setting. Orientation 3 is thus used as the
default setting for Treebot.
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Fig. 5.15 Normalized pull-in force generated by the average of the gripping orientations in
different spine installation angles and gripping curvatures.

5.4 Generation of the Directional Penetration Force

In [35], it is mentioned that the optimal direction of the force acting on a spine Fp

is equal to the spine insert angle. Pushing a claw into a substrate with a desired di-
rectional force usually requires two actuators. RiSE V2 [18], for example, uses two
active joints to accomplish this task. One actuator provides a pushing force toward a
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Fig. 5.16 Normalized pull-in force generated by different gripping orientations with optimal
spine installation angle θs = 0.76rad.

surface, and the other pulls the spine toward the central axis of the robot body. Wile
[54] proposed a mechanism that provides the desired directional force using one ac-
tuator to make the gripper lighter. However, this is only applicable on flat surfaces.

In view of this, a preloaded two-bar linkage mechanism is proposed to generate
the desired directional force, which requires only one actuator and is able to adapt
to irregular surfaces. The notations for the mechanism of the claw are shown in
Fig. 5.17. L1 denotes the length of link AB (Phalanx 1), and L2 denotes the length of
link BC (Phalanx 2). Link AC is the simplified claw introduced in Fig. 5.4. Joints A
and B are passive revolute joints installed with a pre-compressed mechanical spring.
The torque generated by spring on joints A and B are denoted as τ1 and τ2 respec-
tively. The turning angle of Joint B is limited such that the distance between A and
C does not exceed Lc.

To analyze the direction of the acting force, links AB and BC are divided as
shown in Fig. 5.18. It is assumed that in this position, point C penetrates the sub-
strate. Hence, it can be assumed that points A and C are fixed revolute joints. The

Fig. 5.17 Notations for the mechanism of the claw.
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(a)

(b)     (c) 

Fig. 5.18 Free body diagrams of links AB and BC.

free body diagrams of links AB and BC are constructed as shown in Fig. 5.18(b)
and (c).

From Fig. 5.18(b), the equilibrium equations can be divided as:

cx + bx = 0 (5.17)

cy + by = 0 (5.18)

τ2− cyL2 = 0 (5.19)

From Fig. 5.18(c), the equilibrium equations can be divided as:

ax + bx = 0 (5.20)

ay + by = 0 (5.21)

τ1− τ2 +L1(bycosθ2− bxsinθ2) = 0 (5.22)

Sub. (5.17), (5.18), and (5.19) into (5.22):

cx =
τ2− τ1 + τ2

L1
L2

cosθ2

L1 sinθ2
(5.23)
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Divide (5.19) by (5.23):

cy

cx
=

L1 sinθ2

L2

(
1− τ1

τ2
+ L1

L2
cosθ2

) (5.24)

The angle of the pushing force of the spine Fp is equal to the spine insert angle, that
is,

tan(	 ACB−θs) =
cy

cx
=

L1 sinθ2

L2

(
1− τ1

τ2
+ L1

L2
cosθ2

)

where 	 ACB = tan−1 L1 sinθ2
L2+L1 cosθ2

. It implies,

τ1

τ2
= 1+

L1

L2

[
cosθ2− sin θ2

tan( 	 ACB−θs)

]
(5.25)

With the gripper parameters: L1 = 20mm, L2 = 85mm, the torque ratio between
joints A and B (τ1/τ2) should be around 1.4 to generate the appropriate angle of
pushing force.

5.5 Experimental Results

Numerous experiments have been implemented on a variety of trees to evaluate the
performance of the omni-directional tree gripper. In the experiments, the gripper
first gripped a tree without any external force being applied. An external pull-out
force was then applied normal to the gripping surface to test how much force was
needed to pull the gripper out of the tree. The maximum pull-out force was limited
to 40N to avoid breaking the gripper. Eighteen types of trees with different surface
curvatures were tested. Fig. 5.19 shows some of the tested trees. The curvature of
the trees, bark textures, and the maximum pull-out force with different gripping
orientations are summarized in Table 5.1. In the table, O1, O2, and O3 represent
Orientations 1, 2, and 3 as introduced in Fig. 5.6 respectively. The curvature of a
tree (K) is obtained by:

K =
1

D
/

2
(5.26)

where D is the diameter of a tree.
Table 5.1 shows that on the first ten types of trees (No. 1-10), the performance

was excellent. The gripper was capable of generating over 40N of pull-in force in
any gripping orientation. However, the results also reveal that the gripper does not
work well on some types of trees, and particularly those with bark that peels off eas-
ily. In such cases, when a large pull-out force was applied, the gripper was pulled
out as the bark peeled off (No. 11-15). Furthermore, for soft trees the pull-out force
broke the bark (No. 16-18).
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 (a)    (b)    (c) 

(d)     (e)    (f) 

Fig. 5.19 Experiments on different types of trees: (a) Bauhinia variegata var. candida; (b)
Roystonea regia; (c) Taxodium distichum; (d) Cinnamomum camphora; (e) Khaya senegalen-
sis; (f) Eucalyptus citriodora.

The experimental results indicate that on most of the trees, the maximum pull-in
force of the gripper in all gripping orientations is similar that matches the analytical
results reported in the previous section. The only exception is tree No. 13. This is
because the bark of this trees peels off easily and its surface is not smooth, but rather
has many vertical grooves (see Fig. 5.19(b)). Orientation 1 is better in this scenario,
as it creates a pair of claws oriented perpendicular to the vertical groove, which al-
lows the claws to penetrate deeper into the tree to generate a larger force.

As mentioned in the previous section, the gripping curvature affects the pull-in
force of the gripper. This phenomenon is clearly demonstrated by the experimental
result for tree No. 10, where the generated pull-in force with a 6.2m−1 surface cur-
vature is larger than that with a 4.8m−1 surface curvature. However, the result for
tree No. 11 does not match the analytical result (Fig. 5.16). This is because the tree
with a 6.0m−1 surface curvature was older, and its bark will be peeled off easily,
whereas the tree with a 11.2m−1 surface curvature was younger and its bark will not
be peeled off easily.

In the experimental results, and especially those for trees No. 16-18, it is clear
that using Orientation 3 generates the largest pull-in force, which matches the
analytical results.
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Table 5.1 Maximum pull-in force on different species of trees

No. Trees Bark texture K (m−1)
Pull-in force (N)
O1 O2 O3

1 Bombax malabaricum Rough 4.4 >40 >40 >40
2 Acacia confuse Smooth 5.6 >40 >40 >40
3 Ficus microcarpa Smooth 4.6 >40 >40 >40
4 Livistona chinensis Fissured 8.4 >40 >40 >40
5 Callistemon viminalis Ridged and Fur-

rowed
6.3 >40 >40 >40

6 Bauhinia variegata var.
candida

Smooth 8.1 >40 >40 >40

7 Bauhinia variegate Smooth 8.8 >40 >40 >40
8 Araucaria heterophylla Banded 7.2 >40 >40 >40
9 Bauhinia blakeana Smooth 6.7 >40 >40 >40

10 Roystonea regia
Smooth, 6.2 >40 >40 >40
shallowly fissured 4.8 15 15 20

11 Taxodium distichum
Fibrous,
exfoliating

11.2 29 30 30

6.0 12 10 10
12 Casuarina equisetifolia Slightly

exfoliating
6.9 11 13 12

13 Cinnamomum camphora Ridged and fur-
rowed, exfoliating

5.2 20 12 5

14 Khaya senegalensis Blocky,
exfoliating

4.0 10 10 10

15 Melaleuca quinquen-
ervia

Sheeting, soft, ex-
foliating

4.5 5 5 5

16 Delonix regia Smooth 6.7 24 24 25
17 Mangifera indica Shallowly

fissured
4.1 20 22 25

18 Eucalyptus citriodora Smooth, soft 4.1 18 16 20



72 5 Optimization of the Fastening Force

5.6 Summary

In summary, the mechanism of the fastening force generation of the tree gripper and
the relationship between the gripper and the gripping substrate have been discussed
in this chapter. The optimization of the gripper in terms of torque distribution and
spine installation angle has also been conducted and presented to provide a large
gripping force over a wide range of curvatures. In addition, numerous experiments
have been carried out to evaluate the performance of the tree gripper. The exper-
imental results reveal that the proposed gripper performs well on a wide range of
trees. However, the gripping performance strongly depends on the properties of the
tree surface. The gripper works well only on trees with bark that does not peel off
or break easily.



Chapter 6
Kinematics and Workspace Analysis

6.1 Kinematic Analysis

6.1.1 Configuration of Treebot

Fig. 6.1 shows the configuration of Treebot. In the notations, the superscripts r and
f denote the front and rear gripper frame respectively. l f and lr represent the dis-
tance from the end of the continuum body to the center of the front and rear gripper
respectively. hg denotes the distance between the base of the gripper and the contin-
uum body. The reference frames for the front and rear grippers are also illustrated in
the figure. The direction of a gripper refers to the direction along the positive z-axis,
where a normal direction refers to the direction toward the positive x-axis.

6.1.2 Kinematics of the Continuum Body

Jones [30] developed a kinematic model of a continuum type manipulator. It formu-
lates the mapping between the posture (S, κ , φ ) and the input coordinates (l1,l2,l3).
S, κ , and φ denote the length, curvature, and bending direction of the virtual tendon,
respectively. The virtual tendon represents the centerline of the continuum manipu-
lator. li denotes the length of each tendon, and d is the distance between the tendons
and the virtual tendon. Fig. 6.2 shows the notation used to represent the parameters
of each tendon and the position of the virtual tendon.

The kinematic model is also applicable to the proposed continuum body. Ac-
cording to Jones [30], the forward and inverse kinematics in our convention can be
defined as:

T.L. Lam and Y. Xu: Tree Climbing Robot, STAR 78, pp. 73–89.
springerlink.com c© Springer-Verlag Berlin Heidelberg 2012
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Fig. 6.1 Configuration of Treebot.

Inverse Kinematics (l1, l2, l3)← f (S,κ ,φ):
⎡
⎣ l1

l2
l3

⎤
⎦= S

⎡
⎣ 1+ dκ cosφ

1−κd sin
(π

6 −φ
)

1−κd sin
(π

6 +φ
)
⎤
⎦ (6.1)

Forward Kinematics (S,κ ,φ)← f (l1, l2, l3):

⎡
⎣ S

κ
φ

⎤
⎦=

⎡
⎢⎢⎣

l1+l2+l3
3

2
√

l1
2+l2

2+l3
2−l1l2−l2l3−l1l3

d(l1+l2+l3)

cot−1
(
−
√

3
3

l3+l2−2l1
l2−l3

)

⎤
⎥⎥⎦ (6.2)

where κ = 1/r and S = rθ .
In addition, the mapping between the posture (S, κ , φ ) and the Cartesian coordi-

nates at the end point (xt ,yt ,zt ) are defined as:
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Fig. 6.2 Notations for defining the position and parameters of the continuum manipulator.
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(S,κ ,φ)← f (xt ,yt ,zt):

⎡
⎣ S

κ
φ

⎤
⎦=

⎡
⎢⎣

xt
′2+zt

2

xt ′ tan−1 xt
′

zt
2xt
′

xt ′2+zt 2

tan−1 yt
xt

⎤
⎥⎦ (6.3)

where xt
′ = xt cosφ + yt sinφ .

(xt ,yt ,zt)← f (S,κ ,φ):
⎡
⎣ xt

yt

zt

⎤
⎦=

1
κ

⎡
⎣ [1− cos(κS)]cosφ
[1− cos(κS)]sinφ

sin(κS)

⎤
⎦ (6.4)

The detailed derivation of the equations can be found in Appendix A.1.

6.1.3 Kinematics of Treebot

To formulate the kinematics of Treebot, l f and lr must be considered. As a result,
the kinematics of Treebot is developed by extending (6.1) and (6.2).

In view of the rear gripper frame as shown in Fig. 6.3(a), the mapping between
the end point (front gripper) and the posture of Treebot are formulated as,(

rx f ,
ry f ,

rz f
)← f (S,κ ,φ) :

⎡
⎣

rx f
ry f
rz f

⎤
⎦=

⎡
⎣
(

1
κ [1− cos(κS)]+ l f sin (κS)

)
cosφ( 1

κ [1− cos(κS)]+ l f sin(κS)
)

sinφ
1
κ sin (κS)+ l f cos(κS)+ lr

⎤
⎦ (6.5)

(S,κ ,φ)← f
(

rx f ,
ry f ,

rz f
)
:

⎡
⎣ S

κ
φ

⎤
⎦=

⎡
⎢⎢⎢⎢⎣

1
κ tan−1

(
2r x̂ f (r ẑ f +l f )

(r ẑ f +l f )
2−rx̂2

f

)

2rx̂ f
r x̂2

f +
r ẑ2

f−l f
2

tan−1
ry f
rx f

⎤
⎥⎥⎥⎥⎦ (6.6)

where rx̂ f =
rx f cosφ + ry f sinφ and rẑ f =

rz f − lr.
In view of the front gripper frame as shown in Fig. 6.3(b), the mapping between

the end point (rear gripper) and the posture of Treebot are formulated as,(
f xr,

f yr,
f zr
)← f (S,κ ,φ):
⎡
⎣

f xr
f yr
f zr

⎤
⎦=

⎡
⎣
( 1

κ [1− cos(κS)]+ lr sin (κS)
)

cosφ(
1
κ [1− cos(κS)]+ lr sin(κS)

)
sinφ

−( 1
κ sin(κS)+ lr cos(κS)+ l f

)
⎤
⎦ (6.7)
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(a) 

(b)

Fig. 6.3 Notations for defining the kinematics of Treebot.



78 6 Kinematics and Workspace Analysis

(S,κ ,φ)← f
(

f xr,
f yr,

f zr
)
:

⎡
⎣ S

κ
φ

⎤
⎦=

⎡
⎢⎢⎢⎣

1
κ tan−1

(
2 f x̂r( f ẑr+lr)

( f ẑr+lr)
2− f x̂2

r

)

2 f x̂r
f x̂2

r+
f ẑ2

r−lr2

tan−1 f yr
f xr

⎤
⎥⎥⎥⎦ (6.8)

where f x̂r =
f xr cosφ + f yr sinφ and f ẑr =− f zr− l f .

On top of that, the transformation of the direction vector between the front and
rear gripper frame can be achieved by,

f v = Rotz (φ)Roty (−θ)Rotz (−φ ) rv (6.9)

rv = Rotz (φ)Roty (θ )Rotz (−φ) f v (6.10)

The detailed derivation of the equations can be found in Appendix A.2.

6.1.4 Tree Model

Fig. 6.4 illustrates the parameters and coordinate relationship between Treebot and
a tree model. The geometry of a segment of tree is modeled as a straight or curved
cylinder. The radius of the tree Rtree, length of the tree segment Stree, bending direc-
tion φtree, and bending curvature κtree are used to represent the shape of tree. In that,
Stree, φtree, and κtree represent the shape of the centerline of the tree model (similar
to the concept of virtual tendon). The target position of the front gripper is defined
by the angle of change θt and the length of centerline St as shown in Fig. 6.4(a).
The distance between the continuum body and the tree surface is defined as hg. The
center of the rear gripper is located at the origin of the tree frame (T x−T y−T z). Ac-
cording to (6.5) and (6.10), the direction of growth of the tree T vt , the normal vector
T nt , and the coordinates T Pt at the target position in tree frame can be obtained by:

T vt = Rotz (φtree)Roty (θtree)Rotz (−φtree)

⎡
⎣ 0

0
1

⎤
⎦ (6.11)

T nt = Rotz (φtree)Roty (θtree)Rotz (−φtree)Rotz (θt)

⎡
⎣−1

0
0

⎤
⎦ (6.12)

T Pt =
1

κtree

⎡
⎣ [1− cosθtree]cosφtree

[1− cosθtree]sinφtree

sinθtree

⎤
⎦+(hg +Rtree)

⎛
⎝
⎡
⎣1

0
0

⎤
⎦− T nt

⎞
⎠ (6.13)

where θtree = κtreeSt .
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Fig. 6.4 Relationship between the rear gripper and the tree model.
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Similar to that of (6.9) and (6.10), the transformation of the direction vector be-
tween the tree frame (T x− T y− T z) and the target position frame (tx− t y− t z) as
illustrated in Fig. 6.4(a) can be achieved by,

T v = Rotz (φtree)Roty (θtree)Rotz (−φtree)Rotz (θt)
tv (6.14)

tv = Rotz (−θt)Rotz (φtree)Roty (−θtree)Rotz (−φtree)
T v (6.15)

The direction of growth, normal vector, and the coordinate of the target position can
be transformed to the rear gripper frame (rx− ry− rz) by,

rvt = Roty (−θry)Rotx (−θrx)
T vt (6.16)

rnt = Roty (−θry)Rotx (−θrx)
T nt (6.17)

rPt = Roty (−θry)Rotx (−θrx)
T Pt (6.18)

where θrx and θry denote the angles between the tree and the rear gripper frame, as
illustrated in Fig. 6.4.

According to (6.9), the direction of growth and the normal vector at the front
gripper frame can be determined by,

f vt =

⎡
⎣

f vt x
f vt y
f vt z

⎤
⎦= Rotz (φB)Roty (−κBSB)Rotz (−φB)

rvt (6.19)

f nt =

⎡
⎣

f nt x
f nt y
f nt z

⎤
⎦= Rotz (φB)Roty (−κBSB)Rotz (−φB)

rnt (6.20)

where SB, κB, and φB are the length, bending curvature and bending direction of the
continuum body.

6.2 Workspace Analysis

By using the proposed continuum mechanism, Treebot is capable of reaching any
position in 3D space theoretically. Fig. 6.5 illustrates some of the reachable positions
of the continuum body. The arrows in the figure represent the initial direction of
the front gripper. However, the reachable workspace of the continuum body is not
equivalent to the climbable workspace of Treebot as the gripper works directionally.
In addition, the physical constraints of the continuum body must be considered.
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Fig. 6.5 Reachable workspace of the continuum body.

6.2.1 Physical Constraints

6.2.1.1 Maximum Length of Extension

In theory, the tendon-driving mechanism can extend infinitely with infinite length
of tendons. In practice, it is impossible to have a tendon of an infinite length. The
length of tendons is thus restricted in certain length. Let the maximum length of all
tendons be lmax. According to (6.1), the length of virtual tendon S is restricted as,

S

⎡
⎣ 1+ dκ cosφ

1−κd sin
(π

6 −φ
)

1−κd sin
(π

6 +φ
)
⎤
⎦≤

⎡
⎣ lmax

lmax

lmax

⎤
⎦ (6.21)

It implies,

S≤

⎡
⎢⎢⎣

lmax
1+dκ cosφ

lmax
1−κd sin( π

6−φ)
lmax

1−κd sin( π
6 +φ)

⎤
⎥⎥⎦=

⎡
⎣ s1

max
s2

max
s3

max

⎤
⎦ (6.22)

It can be noticed in (6.22) that the restriction of S is related to lmax, κ , and φ . The
maximum length of extension of the continuum body Smax can then be determined
by,

Smax (lmax,κ ,φ ) = min
(
s1

max,s
2
max,s

3
max

)
(6.23)
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Fig. 6.6 illustrates the maximum length of extension of the continuum body with
different parameters and with a constant maximum length of all tendons lmax =
0.3m. It can be observed that the decrease of Smax is mainly due to the increase of
the bending curvature κ .

Fig. 6.6 Maximum length of extension of the continuum body with different bending curva-
ture and bending direction at lmax = 0.3m.

6.2.1.2 Minimum Length of Extension

Let the minimum length of all tendons be lmin. According to (6.2), the minimum
length of the virtual tendon also equals to lmin. However, if we want to achieve
certain bending angle θ and bending direction φ , it is no longer applicable. To find
the restriction of S, (6.1) can be rewritten as,

⎡
⎣ l1

l2
l3

⎤
⎦=

⎡
⎣ S+θd cosφ

S−θd sin
(π

6 −φ
)

S−θd sin
(π

6 +φ
)
⎤
⎦= S+

⎡
⎣ −θd cosφ

θd sin
(π

6 −φ
)

θd sin
(π

6 +φ
)
⎤
⎦≥

⎡
⎣ lmin

lmin

lmin

⎤
⎦ (6.24)
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It implies,

S ≥
⎡
⎣ lmin +θd cosφ

lmin−θd sin
(π

6 −φ
)

lmin−θd sin
(π

6 +φ
)
⎤
⎦=

⎡
⎣ s1

min
s2

min
s3

min

⎤
⎦ (6.25)

As a result, the minimum length of extension of the continuum body Smin can then
be determined by,

Smin (lmin,θ ,φ) = max
(
s1

min,s
2
min,s

3
min

)
(6.26)

Fig. 6.7 illustrates the minimum length of extension of the continuum body with
different parameters and with a constant minimum length of all tendons lmin = 0m.
It can be observed that the increase of Smin is mainly due to the increase of the
bending angle θ .
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Fig. 6.7 Minimum length of extension of the continuum body with different bending curva-
ture and bending direction at lmin = 0m.

6.2.1.3 Maximum Bending Curvature

Bending the continuum body requires a certain driving force applied on the tendons
to keep the tendons bent. The magnitude of the force relates to the magnitude of
the bending curvature and the length of the virtual tendon. Bending the tendons to
a greater curvature requires a larger force. In addition, the longer the continuum
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body, the higher force required to keep the same bending curvature. As a result,
the maximum bending curvature is determined by the power of the tendon driving
motor and the length of extension of the continuum body.

6.2.1.4 Maximum Climbing Slope

As the additional revolute joint is a passive joint, the maximum climbing slope is de-
termined by the location of the center of mass. Fig. 6.8(a) illustrates the relationship
between the location of the center of mass and the limit of the climbing slope. If the
climbing slope exceeds the limit, then the rear gripper is pulled out of the gripping
substrate by the force of gravity, as illustrated in Fig. 6.8(b). In this case, bending
the body can make the rear gripper contact the surface, but there is no means of
arranging the rear gripper appress to the tree surface, as shown in Fig. 6.8(c). If the
climbing slope does not exceed the limit by too much, then the rear gripper may
still be capable of gripping the tree surface and provide sufficient gripping force, as
some tolerance of gripping direction is allowed. Hence, Treebot may still be capable
of climbing continuously if the front gripper is sufficiently flexible to be appressed
to the gripping surface.

Maximum

climbing angle

(a) (b) (c)

Fig. 6.8 Relationship between the limit of the climbing slope and the location of the center
of mass.
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6.2.1.5 Maximal Angle of Twist

As the gripper contains a semi-passive joint, it has certain flexibility to change its
direction. In the semi-passive joint, the range of twist about the y- and z-axes are
±π/3 and±π/6 respectively. As a result, the workspace of the gripper is a spherical
surface, as illustrated in Fig. 6.9. If the gripper can reach a certain position but the
required angle of twist exceeds the range, then it is not an admissible climbing
position.

Virtual backbone

Initial gripper direction

Admissible

gripper directions

End point of continuum 

manipulator

Fig. 6.9 Workspace of the gripper at each reachable position.

6.2.2 Admissible Workspace on a Tree Surface

To determine the motion of Treebot, the admissible climbing workspace on the tree
surface must be identified. It is assumed that there is no external force acting on the
robot, and its weight is negligible. The compliance effect can thus be neglected. To
ensure that the gripper can attach to the tree at a target position, certain physical con-
straints must not be violated. The maximum inclined angle is a constant constraint.
The constraints of the continuum body, including the maximum length of extension
and bending curvature, can be determined using the kinematic model. The required
angles of twist at a particular position can be obtained from the normal direction of
the surface.



86 6 Kinematics and Workspace Analysis

In reality, the posture of the continuum manipulator may not equal the analyti-
cal result exactly as shown in Fig. 6.5 due to the gravitational force. As mentioned
in Chapter 4, the continuum manipulator can be deformed by external force due to
the inherent passive compliance. The magnitude of deformation is inversely propor-
tional to the stiffness of the springs and proportional to the weight of Treebot.

6.2.2.1 Required Angle of Twist

By giving a shape a of tree, and the position and orientation of the rear gripper,
the angle of twist required to place the front gripper appressed on the tree surface
at a target position can be determined. The angle of twist about f y- and f z-axes to
appress the front gripper to the target surface can be determined by,

θtwist y = tan−1
( f nt z

f nt x

)
(6.27)

θtwist z = tan−1

(
f nt y
f nt x

)
(6.28)

Once appressed, the direction of growth at the new front gripper frame f vt
a can be

determined by,

f vt
a =

⎡
⎣

f va
t x

f va
t y

f va
t z

⎤
⎦= Rotz (−θtwist z)Roty (−θtwist y)

f vt (6.29)

In addition, the angle between the direction of growth and the z-axis of the new front
gripper frame θ f x as illustrated in Fig. 6.10 becomes,

θ f x = tan−1

(
f va

t y
f va

t z

)
(6.30)

6.2.2.2 Admissible Target Position

The admissible gripping positions can be determined by considering all of the nec-
essary constraints. Fig. 6.11 to Fig. 6.14 illustrate the admissible gripping positions
of the front gripper on a straight tree for different directions of the rear gripper. In
the figures, the arrows at the bottom denote the direction of the rear gripper. The
inner circle illustrates the circumference of the tree. The dots are the admissible po-
sitions of the front gripper with an arrow denoting the direction of the front gripper.
This information is useful for determining the motion of Treebot. It can be observed
in the figures that when θrx increases, the admissible angle of change (θt ) increases
and the length of centerline (St) decreases accordingly.
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Fig. 6.10 Relationship between the front gripper and the tree model.
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Fig. 6.11 Admissible gripping positions of the front gripper at θrx = 0.
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Fig. 6.12 Admissible gripping positions of the front gripper at θrx = π/6.
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Fig. 6.13 Admissible gripping positions of the front gripper at θrx = π/3.
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Fig. 6.14 Admissible gripping positions of the front gripper at θrx = π/2.

6.3 Summary

In this chapter, the kinematics of the continuum body was presented, including the
relationship among the length of tendons, posture of the continuum body and the
Cartesian coordinate at the ends of the continuum body. In addition, the extended
kinematics of the continuum body was also proposed. It includes the consideration
of the straight sections connected at both ends of the continuum body which is ac-
tually the configuration of Treebot.

The workspace analysis presented in this chapter reveals the capability and lim-
itation of Treebot in terms of locomotion. It offers a complete insight to Treebot
operators on understanding the admissible climbing motion of Treebot and helps
them make decision in manual operation. More importantly, the study of the kine-
matics and workspace of Treebot are the crucial information for designing path and
motion planning algorithms in autonomous control which are going to be discussed
in Chapter 7 and 8.



Chapter 7
Autonomous Climbing1

The goal of developing of Treebot is to assist or replace people in performing
forestry tasks on trees. A certain level of autonomous climbing ability of Tree-
bot helps reduce the complexity of operation by users. An autonomous climbing
strategy for Treebot is thus proposed. To determine the motions to climb up au-
tonomously in an unknown environment, a robot must be equipped with sensors
that can explore the environment. Vision sensors provide rich information about the
environment. However, processing the data require a great deal of computational
power. Moreover, light conditions vary in outdoor environments, which will affect
the accuracy of visual information. There are many living creatures that do not rely
on visual information, but can navigate well in their living environment. Inchworms,
for example, navigate on trees by using their sense of touch only. Although the in-
formation obtained by tactile sensors is not rich, it is reliable. Furthermore, the pro-
cessing of tactile information is much simpler than that of visual information. As a
result, inspired by arboreal animals, an algorithm is developed to allow Treebot to
climb irregularly shaped trees autonomously by using tactile sensors and a tilting
sensor only. The development of the algorithm can reveal how tactile sensors can
best be employed in autonomous tree climbing.

This chapter is organized as follows. Section 7.1 introduces the structure of the
proposed autonomous climbing strategy. Section 7.2 proposes a tree shape approx-
imation method. In Section 7.3, the motion planning strategy is discussed. The ex-
perimental results are presented in Section 7.4. Finally, a summary is provided in
Section 7.5.

1 Portions reprinted, with permission from Tin Lun Lam, and Yangsheng Xu, “Climbing
Strategy for a Flexible Tree Climbing Robot - Treebot”, IEEE Transactions on Robotics.
c©[2011] IEEE.

T.L. Lam and Y. Xu: Tree Climbing Robot, STAR 78, pp. 91–116.
springerlink.com c© Springer-Verlag Berlin Heidelberg 2012
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7.1 Autonomous Climbing Strategy

Robots may topple sideways when climbing on an inclined tree. The optimal climb-
ing position to avoid this tendency is above the centerline of the tree, so that the
gravitational force acts on the robot to direct it to the centerline of tree [58]. In
the following text, “upper apex” is used to describe this optimal position. The au-
tonomous climbing algorithm aims to make Treebot climb a tree along an optimal
path. The procedure for the autonomous climbing motion is shown in Fig. 7.1. It
mainly includes the works of exploration, tree shape approximation, and motion
planning. It is assumed that Treebot is already attached to a tree by the rear gripper,
that the front gripper is detached, and that the continuum body is contracted to the
minimum length. Completing the main loop of the procedure once is termed as a
complete climbing gait. By repeating the climbing gait, Treebot can climb a tree
along the optimal path. The following sections discuss this procedure in detail.

7.2 Tree Shape Approximation

The concept of tree shape modeling is mentioned in Chapter 6. This section dis-
cusses the method used to approximate the values of the model parameters. Treebot
explores the shape of a tree by tentacles (which form by tactile sensors) attached to
the front gripper, and uses the exploration data to approximate the shape of the tree.
The exploring motion of Treebot is based on the proposed exploring strategy. Ap-
proximating the shape of the explored portion of the tree is useful to determine the
location of the optimal climbing position and to predict the shape of the tree ahead
for motion planning. There are many techniques for shape reconstruction using in-
formation from tactile sensors. Okamura and Cutkosky [56] proposed a method for
extracting the local features of a surface. Jia and Tian [55] reconstructed the un-
known local curved surface by using one-dimensional tactile data. Schopfer [57]
used a 2D pressure array to reconstruct the unknown shape of an object. All of these
methods can successfully reconstruct the unknown shape of an object. Here, as the
geometry of a branch is assumed to be a curved cylinder, an efficient reconstruc-
tion scheme can be developed based on a known geometric model to speed up the
exploration and reconstruction processes.

7.2.1 Exploring Strategy

The proposed exploring strategy aims to trace a growth path of a tree using the front
gripper, which is similar to the feature-tracing method presented in [56]. The trajec-
tory of the front gripper can then be used to reconstruct the shape of the tree. The
top left and right tentacles attached to the front gripper are used for exploring. The
state and action pairs for the exploring motion are listed in Table 7.1. The forward
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Initialization

Exploration

Tree Shape Approximation

Determine the target position of the front gripper

Go to and verify the target position

Verification 
pass

Approximate and update the radius of tree

Front gripper attach then rear gripper detach

Determine the target position of the rear gripper

Rear gripper go to the target position

Rear gripper attach then front gripper detach

Reduce and 
update the 

radius of tree

Yes

No

Fig. 7.1 Flow chart of the autonomous climbing strategy.
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and left directions are defined as the positive xr and yr directions, respectively. A
tentacle acts in a similar fashion to a mechanical switch. It is triggered when a force
acts on the bottom part of the tentacle over a certain threshold.

Table 7.1 Exploring strategy

State Action

No tentacle is triggered Bend forward with extension
Both tentacles are triggered Bend backward with extension
Only left tentacle is triggered Bend left and backward
Only right tentacle is triggered Bend right and backward
Length of extension reaches a constant value Finish exploration

In the exploring strategy, the front gripper approaches and leaves the tree surface
repeatedly. When the front gripper leaves the growth path of a tree, only one side of
the tentacle is triggered frequently. The front gripper then moves to eliminate this
unbalanced triggering between tentacles so as to keep the front gripper follow the
growth path of the tree.

Once a tentacle is triggered, the Cartesian coordinates of the front gripper are
recorded, which can be found by (6.5). During the exploring motion, the semi-
passive joint is locked to make (6.5) applicable. As only one tactile sensor is in-
stalled on each tentacle, there is no way of determining where a force is exactly
applied along the tentacles. As a result, the triggering of a tentacle does not nec-
essarily indicate that the center of the front gripper is placed on the tree surface.
To obtain accurate data points, the selected points must include only those points
at which both the left and right tentacles are triggered at the same time, or the av-
erage position of the points at which the left and right tactile sensors are triggered
alternatively.

7.2.2 Arc Fitting

As the shape of a tree is approximated as a perfect cylinder with an uniform bend,
the data acquired from exploration are fitted with a 3D arc to help reconstruct the
shape of the tree. It is set that the arc crosses the first and last data points. As a result,
the data are transformed such that the first data point is on the origin and the last
data point is on the z-axis (rotation about the z-axis of−θz and then rotate about the
y-axis of −θy) as shown in Fig. 7.2(b).
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(a)       (b) 

(c)     (d) 

Fig. 7.2 Notations and procedures for arc fitting. (a) Path segment; (b) Transformation; (c)
Plane fitting; (d) Arc fitting.

7.2.2.1 Plane Fitting

To simplify the 3D arc fitting problem into 2D, the data are fitted onto a plane, as
illustrated in Fig. 7.2(c). This is accomplished by determining the optimal angle of
rotation about the z-axis, (θp) to minimize the absolute x component value of the
transformed data. The path is then rotate θp about the z-axis and projected on the
y− z plane thus becomes a 2D path, as illustrated in Fig. 8.5(d). Let [xi,yi,zi] be the
transformed points where i ∈ [1,η ] and η is the number of data points, θp can be
obtained by minimizing:

xi cosθp− yi sinθp (7.1)
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By using the least square method and considering all of the points:

∑ d
dθp

(xi cosθp− yi sinθp)
2 = 0

−2∑(xi cosθp− yi sinθp) (xi sin θp + yi cosθp) = 0(
cos2θp− sin2θp

)
∑(xiyi) = sinθp cosθp ∑

(
yi

2− xi
2)

cos2θp− sin2θp

sinθp cosθp
=

∑
(
yi

2− xi
2
)

∑ (xiyi)

cosθp

sinθp
− sinθp

cosθp
=

∑
(
yi

2− xi
2
)

∑ (xiyi)

1
tanθp

− tanθp =
∑
(
yi

2− xi
2
)

∑ (xiyi)

tan2θp +
∑
(
yi

2− xi
2
)

∑(xiyi)
tanθp− 1 = 0

It implies,

θp = tan−1

(
−o±√o2 + 4

2

)
(7.2)

where o = ∑yi
2−∑xi

2

∑xiyi
.

In addition, the fitness value of the plane fitting is defined as:

eplane =

√
∑(xi cosθp− yi sin θp)

2

η
(7.3)

The lower the eplane indicates the better plane fitting result.

7.2.2.2 2D Arc Fitting

Once the fitted plane has been obtained, the data are projected onto the plane and
rotate about z-axis onto the y-z plane. Then, referring to Fig. 7.2(d), the center of
the approximated arc (yc,zc), the curvature of the bend κarc, and the angle of the arc
θarc can be found by using a 2D arc fitting method. (yc,zc) and r be the center and
radius of the approximated arc respectively. In the arc fitting, it is assumed that the
approximated arc must pass through two selected points (ya,za) and (yb,zb) in the
data points.

To cross the selected points, the approximated arc should fulfill the following
equations:

(ya− yc)
2 +(za− zc)

2 = r2 (7.4)

(yb− yc)
2 +(zb− zc)

2 = r2 (7.5)
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Combining (7.4) and (7.5):

(ya− yc)
2 +(za− zc)

2 = (yb− yc)
2 +(zb− zc)

2

2(zb− za) zc =
(
yb

2 + zb
2)− (ya

2 + za
2)+ 2(ya− yb)yc

zc =

(
yb

2 + zb
2
)− (ya

2 + za
2
)

2(zb− za)
+

(ya− yb)

(zb− za)
yc

Let,
zc = a+ byc (7.6)

where a =
(yb

2+zb
2)−(ya

2+za
2)

2(zb−za)
and b = ya−yb

zb−za
.

The distance error ei of a point to the approximated arc can be found by:

ei = (yi− yc)
2 +(zi− zc)

2− r2 (7.7)

Sub. (7.4) into (7.6):

ei = (yi− yc)
2 +(zi− zc)

2−
[
(ya− yc)

2 +(za− zc)
2
]

=
(
yi

2 + zi
2)− (ya

2 + za
2)+ 2(ya− yi)yc + 2(za− zi) zc (7.8)

Sub. (7.6) into (7.8):

ei =
(
yi

2 + zi
2)− (y1

2 + z1
2)+ 2(y1− yi)yc + 2(z1− zi) (a+ byc)

=
(
yi

2 + zi
2)− (y1

2 + z1
2)+ 2a(z1− zi)+ 2 [(y1− yi)+ b(z1− zi)]yc (7.9)

Let,
ei = mi + niyc (7.10)

where mi =
(
yi

2 + zi
2
)−(ya

2 + za
2
)
+2a(za− zi) and ni = 2 [(ya− yi)+ b(za− zi)].

By using the least square method and considering all of the points, that is,

d
dyc

∑ei
2 =

d
dyc

∑ (mi + niyc)
2 = 0 (7.11)

It implies,

∑ (mi + niyc)ni = 0

∑mini +∑ni
2yc = 0

yc =−∑mini

∑ni
2 (7.12)

Sub. (7.12) into (7.6):

zc = a− b
∑mini

∑ni
2 (7.13)
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Sub. (7.12) and (7.13) into (7.4):

r =

√(
ya +

∑mini

∑ni
2

)2

+

(
za− a+ b

∑mini

∑ni
2

)2

(7.14)

The fitness of the fitted arc is measured by:

earc =

√
1
η ∑ei

2 =

√
1
η ∑

(
mi + ni

∑mini

∑ni
2

)2

(7.15)

The lower the earc indicates the better arc fitting result. Additionally, the parameters
of the fitted arc can be obtained by:

κarc =
1
r

(7.16)

θarc = 2cos−1 (ycκarc) (7.17)

The two selected points (ya,za) and (yb,zb) are defined as the first and last data
points, i.e., (0,0) and (yη ,zη ) respectively.

Finally, the tangent vector vS and the bending direction vbend (toward the center
of the bend) of the arc at the starting point in the rear gripper frame can be deter-
mined by:

vS = Rotz (θz)Roty (θy)Rotz (−θp)

⎡
⎣ 0

cosθ2D

sinθ2D

⎤
⎦ (7.18)

vbend = Rotz (θz)Roty (θy)Rotz (−θp)

⎡
⎣ 0
−sinθ2D

cosθ2D

⎤
⎦ (7.19)

where θ2D = tan−1 zc
yc
+ sign(yc)

π
2 .

7.2.3 Tree Shape Reconstruction

To approximate the parameters of the tree model, the fitted arc is transformed into
the tree frame, that is, to transform the tangent vector of the arc on the T z-axis:

T vS =

⎡
⎣

T vS x
T vS y
T vS z

⎤
⎦= Rotx (θrx)Roty (θry)vS (7.20)

T vbend =

⎡
⎣

T vbend x
T vbend y
T vbend z

⎤
⎦= Rotx (θrx)Roty (θry)vbend (7.21)

where θry = sin−1
(

T vS x

)
and θrx =−tan−1

T vS y
T vS z

.
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In addition, the bending direction of the fitted arc in the tree frame is,

φarc = tan−1
T vbend y
T vbend x

(7.22)

According to Fig. 7.3, by giving the radius of a tree Rtree, the values of the parame-
ters of the tree model, i.e., φtree, κtree and Stree can be determined as:

φtree = φarc (7.23)

κtree =
1(

1
κarc
− (hg +Rtree)cosφtree

) (7.24)

Stree =
θarc

κtree
(7.25)

1/ tree

tree Rtree+hg x

y

1/ arc

Fig. 7.3 Tree shape approximation by the fitted arc.
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7.2.4 Angle of Change to the Upper Apex

To find the upper apex of a tree, the direction of gravity must first be established.
The gravity vector can be obtained from the tilting sensor attached to the front grip-
per. As the tilting sensor is fixed to the front gripper, the coordinates with respect
to the rear gripper frame can be determined by the posture of Treebot, as discussed
in Chapter 6. Once the tree shape has been approximated, the transformation re-
lationship between the rear gripper frame and the tree frame (θrx and θry) can be
obtained. The gravity vector can then be represented in the target position frame
(tx− t y− t z) as illustrated in Fig. 7.4. The angle of change required to reach the up-
per apex θoptimal is equivalent to the angle of rotation about t z-axis required to make
the gravity vector vgravity lies on the t x− t z plane with a positive x component, i.e.,

θoptimal = tan−1
(

vgravity y

vgravity x

)
(7.26)

where vgravity =
[

vgravity x vgravity y vgravity z
]
.

In addition, the inclined angle of the tree can be obtained by:

ϕincline = sin−1 (∣∣vgravity z
∣∣) ∈ [0, π

2

]
(7.27)

7.2.5 Tree Radius Approximation

The data from the exploring motion can be used to approximate the shape of tree
but not the radius of tree. Two methods are thus proposed to approximate the radius.

7.2.5.1 Method 1

This method approximates the radius of a tree by comparing the angle of change to
the upper apex (θoptimal) which are obtained by two different positions on the tree
surface. As obtaining θoptimal does not require the radius of the tree to be known,
the new approximated tree radius R′tree can be obtained as follow:

R′tree = Rtree

∣∣∣∣∣
θ̂

Δθoptimal

∣∣∣∣∣ (7.28)

where Δθoptimal is the difference between θoptimal obtained by two different posi-
tions on the tree surface. Rtree is the last approximated radius of the tree. θ̂ is the
angle of change to the second position. This method updates the information of the
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radius of the tree at every climbing gait. However, the application of this method is
not feasible when the inclined angle of the tree is π/2. It is because in this state the
slope in any position is minimal and finding θoptimal will result in a trivial solution.
In such a case, the tree radius can be approximated using Method 2.

7.2.5.2 Method 2

This method is based on the unsuccessful placement of the front gripper in the tar-
get position, as this indicates that the actual radius of the tree must be smaller than
the approximated radius. Once the front gripper fails to appress to the target posi-
tion, the approximated radius of the tree is then reduced by a certain value, and the
maximum angle of change is recalculated. The target position is updated according
to the adjusted maximum angle of change and then the gripper goes to the updated
target position again. This trial process repeats until the front gripper appresses to
the updated target position successfully.

7.3 Motion Planning

The optimal solution for making Treebot climb on the upper apex of a tree is to place
the front gripper on and at the same time set the direction of the gripper parallel to
the path of the upper apex. The rear gripper can then be placed on the upper apex by
a contraction motion. As Treebot is a nonholonomic system [43] that the direction
of the gripper and the position of the gripper are coupled, it is always impossible to
achieve a specific position and direction at the same time in one climbing gait. As a
result, three feasible motion planning strategies are proposed to achieve the goal as
follows. Each of the motion planning strategy has its own merits and drawbacks.

7.3.1 Strategy 1

This strategy uses two climbing gaits to put the front gripper on the target position
and direction. In the first climbing gait, the direction of the rear gripper is adjusted,
such that in the second climbing gait, the front gripper can set on the target position
and direction. Fig. 7.5 illustrates the concept of achieving the target position and
direction in two climbing gaits. In the figures, the circles denote the target position
and the arrow represents the target direction. Rectangles colored in white and grey
represents the attached and detached grippers respectively. After an exploration (a),
Treebot acquires the optimal position and direction for the front gripper. The front
gripper returns to the original position by fully contract the continuum body (b),
then the direction of the rear gripper adjusts (c). Finally, the front gripper moves to
the target position in the appropriate position and direction (d). The forward motion



7.3 Motion Planning 103

is completed when the continuum body contracts to pull up the rear gripper (e). It
can be seen that although this strategy can achieve the target position and direction
exactly, it takes two extend-contract motions to move forward, which is quite time-
consuming. In addition, the rear gripper must first move farer to the target position
as shown in Fig. 7.5(c), it increases the tendency of toppling sideways.

eca b d

Fig. 7.5 Series of motions by Strategy 1.

7.3.1.1 Motion for the Front Gripper

As has been stated, the optimal solution to ensure that Treebot follows the best path
is to place the front gripper directly on the upper apex. However, it is necessary to
consider that when the inclined angle is large (nearly vertical), a change of position
will not reduce much of the pull-out force generated by the gravitational force. As a
result, to avoid Treebot having to make a large change in angle to reduce the pull-out
force by only a small amount, the magnitude of the angle of change should decrease
when the inclined angle of the tree is large. As a result, the target angle of change is
defined as:

θt = θoptimal

[
1− ϕincline

π
/

2

]
(7.29)

If θt exceeds the admissible angle of change, then it is replaced by the admissible
angle of change that is closest to θt . With θt and let St = Stree, the target position in
view of tree frame T Pt can be determined by (6.13). The position of the rear gripper
in the target position frame (tx− ty− tz) is then obtained as,

tPr =−rPt (7.30)

It is assumed that the rear gripper is already at the position as illustrated in
Fig. 7.5(d). As the target position frame and the front gripper frame is identical when
the front gripper is appressed to the target position, the posture of the continuum
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body to place the front gripper to the target position and direction
(
S f ,κ f ,φ f

)
can

be determined by (6.8) and setting
[

f xr,
f yr,

f zr
]
= tPr.

7.3.1.2 Motion for the Rear Gripper

According to (6.9), the target direction of the rear gripper at the target position frame
tvtr is defined as,

tvtr = Rotz
(
φ f
)

Roty
(−κ f S f

)
Rotz

(−φ f
)
⎡
⎣ 0

0
1

⎤
⎦ (7.31)

Based on (6.14), the target direction of the rear gripper at the tree frame T vtr can be
obtained by,

T vtr =

⎡
⎣

T vtr x
T vtr y
T vtr z

⎤
⎦= Rotz (φtree)Roty (κtreeStree)Rotz (−φtree)Rotz (θt)

tvtr (7.32)

It is assumed that the direction of the front gripper is same as the rear gripper at
the state as shown in Fig. 7.5(b). The posture of the continuum body to place the
rear gripper (Sr,κr,φr) to the target position as illustrated in Fig. 7.5(c) can then be
obtained by,

φr =−sign(θtr−θrx)
π
2

(7.33)

κr =
|θtr−θrx|

Sr
(7.34)

Sr = Smin (7.35)

In that,

θtr = tan−1
(T vtr y

T vtr z

)
(7.36)

Smin is the minimum length of extension of the continuum body to achieve the spec-
ified bending angle defined by (6.26).

7.3.2 Strategy 2

In view of the slow speed and the increase of the tendency of toppling sideways in
some motions by Strategy 1, Strategy 2 is proposed as illustrated in Fig. 7.6 to elim-
inate those drawbacks. In the figures, the dotted circle and arrow denote the next
target position and the target direction respectively. As shows in the figures, after
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exploration (a), the front gripper moves directly to the target position by neglecting
the target direction (b). The continuum body then contracts and adjusts the direction
of the rear gripper to make it parallel to the direction of growth of the tree (c). The
parallel placing of the rear gripper is aimed to make the exploring posture of Treebot
similar to the shape of tree such that Treebot can explore farer by each exploration
motion. It also avoids the rear gripper griper farer to the target position to elimi-
nate the tendency of toppling sideways. However, this motion cannot make the front
gripper go to but just closer to the target position and direction then before. By im-
plementing this motion planning strategy repeatedly (d) (e), Treebot will get closer
and closer to the upper apex and at the same time the direction of Treebot is parallel
to the growing direction of the tree. This motion planning strategy moves forward
by one extend-contract motion only which is two times faster than Strategy 1. The
drawback of Strategy 2 is that it takes time to converge to the upper apex.

b c d ea

Fig. 7.6 Series of motions by Strategy 2.

7.3.2.1 Motion for the Front Gripper

The target position of the front gripper in this strategy is same as that in Strategy
1. In view of the rear gripper frame, the target position rPt can be determined by
(6.18). Once the target position rPt is defined, the posture of the continuum body(
S f ,κ f ,φ f

)
to place the front gripper can be obtained by (6.6).

7.3.2.2 Motion for the Rear Gripper

To place the rear gripper parallel to the direction of growth of the tree, the angle
between the direction of the front gripper and the growth direction of tree θ f x after
appressed as illustrated in Fig. 7.6(c) should be determined and it can be found by
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(6.30). Then, the posture of the continuum body (Sr,κr,φr) to set the rear gripper in
the appropriate direction from the target position can be determined as,

φr =−sign
(
θ f x
) π

2
(7.37)

κr =

∣∣θ f x
∣∣

Sr
(7.38)

Sr = Smin (7.39)

Smin is defined by (6.26) which is the minimum length of extension of the continuum
body to achieve the specified bending angle.

7.3.3 Strategy 3

In view of the slow convergence of Strategy 2, this motion planning strategy is
proposed. This strategy is similar to Strategy 2 except the angle adjustment of the
rear gripper is different. The motions of Strategy 3 are illustrated in Fig. 7.7. After
exploration (a), the front gripper moves directly to the target position by neglecting
the target direction (b). The continuum body then contracts and adjusts the direction
of the rear gripper such that the front gripper can move to the next target position
and direction (marked as a dotted circle and arrow respectively) in the next climbing
gait (c), (d), (e). The next target position and direction are approximated from the
current information. This strategy requires two extend-contract motions to place the
front gripper in the future target position and direction. It moves two times faster
than Strategy 1 and similar to Strategy 2. However, the drawback of this method
is that it may not go exactly to the target position and direction due to inaccurate
estimation of the future target position and direction.

7.3.3.1 Motion for the Front Gripper

The motion for the front gripper in Strategy 3 is same as that in Strategy 2.

7.3.3.2 Motion for the Rear Gripper

To determine the target position of the rear gripper, it is necessary to approximate
the future target position and direction of the front gripper. The future length from
the current rear gripper position S′tree is approximated as,

S′tree = Stree + Sexplore (7.40)
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b c d ea

Fig. 7.7 Series of motions by Strategy 3.

where Stree is the length of the current approximated segment of tree. Sexplore is the
approximated future length to be explored which is defined as:

Sexplore = Stree− l f − lr (7.41)

The future optimal position can then be obtained by the same method of finding the
target optimal position for the placement of the front gripper.

Once the future target position and direction of the front gripper have been ob-
tained, it is necessary to find the position of the continuum body that the front grip-
per is placed on the current target position. The position in the tree frame can be
determined by:

T pb =
T pt − l f

T v f (7.42)

where T v f is the direction of the front gripper in the current target position.
To determine the posture of the continuum body from the future target position

and direction of the front gripper to place the rear gripper to the target position of
the continuum body, it is first transform T pb to the future front gripper frame f f pb,
then find the posture of the continuum body (θ f and φ f ) to place its rear part to the
f f pb by (6.8).

The direction of the rear gripper in the future front gripper frame f f vr can be
found by:

f f vr = Rotz
(
φ f
)

Roty
(−θ f

)
Rotz

(−φ f
)
⎡
⎣ 0

0
1

⎤
⎦ (7.43)

The angle between the direction of the rear gripper and the growth direction of the
tree in the target position γr can then be determined by transforming f f vr to the
coordinate frame of the target position. To make the exploring motion easy to im-
plement, γr should be as small as possible. As a result γr is bounded in ±π

/
4.
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Finally, the posture of the continuum body to place the rear gripper in the appro-
priate direction from the target position (Sr,κr,φr) is determined by:

κr =

∣∣γ f − γr
∣∣

Sr
(7.44)

φr =
γ f − γr∣∣γ f − γr

∣∣ π
2

(7.45)

Sr = Smin (7.46)

where γ f denotes the angle between the direction of the front gripper and the di-
rection of growth of the tree in the target position. Smin is defined by (6.26) which
is the minimum length of extension of the continuum body to achieve the specified
bending angle.

7.3.4 Verification of Target Position

The gripper may not be able to appress to the target position, which may result in
an inaccurate approximation or change in the radius of the tree. The signals from
tentacles can be used to detect whether the gripper is appressed to the surface of
tree. The gripper is regarded as appressed when any two tentacles are triggered
diagonally.

When the gripper is on the target position, Treebot attempts to appress the gripper
to the tree surface. The semi-passive joint is first unlocked so that the gripper can
be rotated freely. The gripper then pushes forward into the tree surface a certain
distance to try to appress the gripper to the tree surface. If it cannot be appressed to
the surface, the target position is inadmissible. In this case, the approximated radius
of the tree is reduced and the target position is recalculated. The process is then
repeated until an appressed placement is achieved.

7.4 Experiments

Numerous experiments have been carried out to evaluate the proposed autonomous
climbing algorithm in terms of tree shape approximation, optimal path following,
and climbing a tree with branches.
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7.4.1 Tree Shape Approximation

The results of three experiments to test tree shape approximation, Test 1, Test 2 and
Test 3, are shown in Fig. 7.8, 7.9 and 7.10 respectively. The subfigures (a) show the
approximation target and the final exploring posture of Treebot, and the subfigures
(b) illustrate the approximation result. In the subfigures (b), the solid arc denotes the
posture of Treebot, the dots are the exploration data, the dotted arc represents the
fitted arc and the large circles represent the circumference of the ends of the segment
of tree. The parameters for the approximated shape of the tree are listed at the top of
the figures. The dashed line in the subfigures (a) denotes the centerline of the tree.

In Test 1, the explored tree segment is straight, and the direction of the rear grip-
per is parallel to the direction of growth of the tree. In the approximation result,
the shape of the tree is almost straight which approximate the actual shape of tree
correctly.

The setting of Test 2 is the same as that of Test 1, except that the direction of the
rear gripper is not parallel to the direction of growth of the tree. It can be seen that
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Fig. 7.8 Test 1: Tree shape approximation on a straight tree. (a) Approximation target and
final exploring posture of Treebot; (b) Approximation result.
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although the posture of Treebot does not match the shape of the tree, the tree shape
can still be approximated correctly. It shows that the approximation is independent
to the direction of the rear gripper. This property is important to make the tree shape
approximation feasible in arbitrary posture of Treebot.
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     (a)     (b) 

Fig. 7.9 Test 2: Tree shape approximation on a straight tree. (a) Approximation target and
final exploring posture of Treebot; (b) Approximation result.

In Test 3, the explored tree segment is bent leftward and backward. It can be
observed that the approximated shape of the tree is also bent in a similar fashion to
the actual shape of the tree (the approximated bending direction is 2.24rad). This
demonstrates that the algorithm can approximate a bent tree in 3D correctly.

7.4.2 Motion Planning

The proposed motion planning strategies guide Treebot to climb on an upper apex of
trees. Since Strategy 2 and Strategy 3 are more practical as they have faster climbing
speed, experiments were conducted using Strategy 2 and Strategy 3 to evaluate their
performance.
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Fig. 7.10 Test 3: Tree shape approximation on a curved tree. (a) Approximation target and
final exploring posture of Treebot; (b) Approximation result.

The first experiment was conducted on a tree with a 70-degree inclined angle to
evaluate the performance of Strategy 2. Fig. 7.11 shows some of the correspond-
ing climbing motions. The dashed lines denote the upper apex of the tree. Initially,
Treebot was not on the upper apex but parallel to the direction of growth of the tree.
After one climbing gait, the whole body of Treebot got closer a bit to the upper apex
as illustrated in Fig. 7.11(c). It totally took five climbing gaits to climb on the upper
apex. The motions were similar to those proposed and illustrated in Fig. 7.6. This
result indicates that Strategy 2 can successfully guide Treebot to climb along the up-
per apex of trees. It can be observed that the climb-up distances were shorter at the
beginning of the climbing gaits, while the climb-up distance was obviously longer at
the last climbing gait as illustrated in Fig. 7.11(g) and (h). It is because at the begin-
nings, the angle between the direction of the front gripper and the growth direction
of tree θ f x was large, most of the extension of the continuum body were used for
adjusting the position but not much for climbing up. At the later climbing gaits, θ f x

became smaller as Treebot got close to the upper apex by the previous movements.
Hence, larger portions of the extension motions could be used for climbing up.
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Another experiment was conducted to evaluate the performance of Strategy 3
in which Treebot was commanded to climb the same tree with identical settings.
Fig. 7.12 shows the corresponding exploring and climbing motions. The upper apex
is marked as dashed line in the figures. Initially, Treebot was not on the optimal
path but parallel to the direction of growth of the tree. Different to Strategy 2, the
orientation of the rear gripper was not parallel to the direction of grow of the tree
in the climbing motions but had a certain angle as seen in Fig. 7.12(d). The specific
orientation of the rear gripper permits the front gripper placed on the upper apex
and at the same time the direction of the front gripper parallel to the direction of
growth of the tree in the next step as seen in Fig. 7.12(f). The rear gripper then
aligned on the upper apex too by fully contracting the continuum body as shown in
Fig. 7.12(g). The experimental result shows that after two climbing gaits, the whole
body of Treebot was successfully placed on the optimal path with motions similar to
those proposed in the motion planning strategy illustrated in Fig. 7.7. It also shows
that Strategy 3 is faster than Strategy 2 in guiding Treebot climbing on the upper
apex.

7.4.3 Climbing a Tree with Branches

An experiment was conducted to evaluate the motion of Treebot on a tree with
branches. In the first test, the initial position of Treebot is shown in Fig. 7.13(a).
Treebot selected branch A to climb, as shown in Fig. 7.13(b). In the second test, the
initial position of Treebot was shifted a little bit to the left, as shown in Fig. 7.13(c).
This time, branch B was selected by the exploring motion (Fig. 7.13(d)). These re-
sults indicate that Treebot tends to choose the closest branch, and thus the selection
of a branch is determined by the position of Treebot with the used of the proposed
exploring strategy.

7.5 Summary

This chapter presented the development of an autonomous tree-climbing algorithm
that enables Treebot to explore and climb autonomously on an unknown and irreg-
ularly shaped tree. Inspired by arboreal animals, an algorithm has been proposed
to approximate a shape of trees by using limited tactile sensors only which avoid
the use of complex sensing equipment such as cameras. The algorithm includes a
tree shape approximation method and a motion planning strategy. Numerous exper-
iments have been conducted and the results reveal that the proposed tree shape ap-
proximation algorithm along with the exploring strategy can approximate the shape
of a tree accurately. Generating an approximated shape of a tree allows Treebot to
identify its environment and determine the optimal climbing motion. An associated
motion planning algorithm has been proposed, and experimental results show that it
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(a)    (b) 

(c)    (d) 

Branch A

Branch B

Fig. 7.13 Experiment for climbing a tree with branches. (a) Initial position in the first test;
(b) Exploring posture in the first test; (c) Initial position in the second test; (d) Exploring
posture in the second test.
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successfully guides Treebot to follow the optimal climbing path. It also reveals how
tactile sensors can best be used to aid autonomous tree climbing.

In the proposed autonomous climbing algorithm, the selection of a branch is de-
termined passively by the position of Treebot. If Treebot does not move to the de-
sired branch, a manual control is needed to guide it there. To further simplify the
control of Treebot, a development of a branch selection function that guides Treebot
to climb on a desired branch autonomously will be valuable to develop. It involves
the works of global path and motion planning which are going to be discussed in
Chapter 8.



Chapter 8
Global Path and Motion Planning1

The global motion planning problem for tree climbing is challenging, as trees have
an irregular and complex shape. To the best of the author’s knowledge, there is no
related study that focuses on the global motion planning problem for tree-climbing
robot. Aracil [17] proposed a motion planning method to allow the Parallel Climb-
ing Robot to climb a trunk. However, this work merely discussed the local motion
planning problem according to local information. There are many motion planning
approaches for climbing in artificial structures, such as walls and glass windows
[10, 11, 21]. However, these structures are different from trees, and the approaches
are thus not suitable for tree-climbing problems.

In the conventional motion planning approach [44], the configuration space (a
set of possible transformations that could be applied to the robot [45]) of the prob-
lem must be constructed to help solve the problem. However, the formulation of the
configuration space is complex as it involves complicated interactions between the
environment and the kinematics of the robot. A robot with high degrees of freedom
(DOF) and continuous motion requires a high dimensional and huge configuration
space, which makes the problem difficult to solve.

This chapter proposes an efficient global motion planning algorithm for tree
climbing. It is accomplished by dividing the problem into a path planning and a
motion planning problem, which are solved separately to reduce the dimensions of
the problem space. In the path planning sub-problem, it is assumed that Treebot
is of point size and holonomic, such that its kinematics can be ignored. The aim
is to find an optimal path to reach the target position on a 2D manifold. The path
planning algorithm includes several constrains to make the path easy for Treebot to
follow. As it only considers the 2D manifold of the tree surface, the state space has
relatively few dimensions. In addition, an intuitive method is developed to repre-
sent the climbing space. It highly simplifies the path planning problem in terms of
linear-time complexity. A dynamic programming (DP) algorithm is adopted to find

1 Portions reprinted, with permission from Tin Lun Lam, Guoqing Xu, Huihuan Qian and
Yangsheng Xu, “Linear-time Path and Motion Planning Algorithm for a Tree Climbing
Robot - TreeBot”, Proceedings of the IEEE/RSJ International Conference on Intelligent
Robots and Systems. c©[2010] IEEE.

T.L. Lam and Y. Xu: Tree Climbing Robot, STAR 78, pp. 117–138.
springerlink.com c© Springer-Verlag Berlin Heidelberg 2012
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the optimal path according to the specified constrains and requirements. The motion
planning sub-problem aims to find an appropriate motion for Treebot that allows it
to follow the planned path. An effective strategy for motion planning is proposed,
the solution to which can be obtained without any searching effort or additional state
space formulation.

The remainder of this chapter is organized as follows. The method of state space
formulation is presented in Section 8.1. In Section 8.2, the path planning algorithm
is proposed. The motion planning algorithm is presented in Section 8.3. Experimen-
tal results are presented in Section 8.4. Finally, summary is given in Section 8.6.

8.1 State Space Formulation

Before working on the path planning sub-problem, the state space to the problem
must be formulated. A tree is composed of a trunk and branches. In the proposed al-
gorithm, a trunk is also treated as a branch. It is assumed that the relationship among
the branches can be represented by a tree data structure as illustrated in Fig. 8.1. To
climb to a target position, a unique sequence of branches must be passed. For exam-
ple, if the target position is at Branch 8 and the initial position is at branch 1, then
there is only one way to go: Branch 1→ Branch 4→ Branch 8. This sequence can
be obtained easily by using the backward search method in the tree data structure.
This means that in path planning, the climbing space of other non-climbed branches
can be neglected, although these branches do need to be considered as obstacles.

The tree surface is discretized by various numbers of points to represent the
climbing surface of each branch. The shape of the tree is first decomposed into a
number of rings, as shown in Fig. 8.2. The normal direction of a ring is equal to
the growth direction of a shape of branch. The distance between each ring takes a
certain value such that the rings do not intersect. The shape of each ring is defined
by the outer shape of the specified position of the branch, and thus is not neces-
sarily a perfect circle. Finally, each ring is equally discretized by a certain number
of points. Each point contains the information about the 3D Cartesian coordinates
and the normal vector of the surface of that point. The state space to the problem
is arranged in a matrix form with m rows and n columns when a target position is
given, as shown in Fig. 8.3. It is composed of the state spaces of the branches to be
gone through in sequence.

There are two situations in which Treebot cannot reach a point. The first is when
the upper space of a position is not sufficiently large for the robot to pass through,
which may occur when the upper space is occupied by other branches. The second
is when the gripping surface of a point is concave such that the gripper cannot grip
the surface tightly. The state space contains information on such unreachable points.

Information on the shape of the tree can be obtained by several means, such as
laser- or vision-based sensing [47, 48]. As the works presented in this chapter are
focused on the planning problem, it is assumed that the shape of tree is given. The
detail of the sensing and state space conversion problems is not going to be discussed.
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(a)       (b) 
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Fig. 8.1 Representation of the relationship among branches by using a tree data structure. (a)
Real tree structure; (b) Branch relationship as represented by the tree data structure.
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Fig. 8.2 Tree surface discretization method.
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Fig. 8.3 State space representation to the path planning problem.

8.2 Path Planning

Going to a target position and avoiding obstacles are the basic requirements of path
planning. In addition, to make a planned path that is easy for Treebot to follow, the
planned path should fulfill certain additional requirements. To eliminate the pull out
force generated by gravity, Treebot should climb on a upper apex as mentioned in
Chapter 7. Furthermore, a shorter path will reduce the robot’s energy consumption,
and a smoother path will be easier for it to follow. The path should thus be optimized
to 1) go directly to the target position, 2) minimize the climbing distance, 3) follow
the upper apex of the climbing surface, and 4) avoid obstacles.

8.2.1 Dynamic Programming

Dynamic programming (DP) is an efficient algorithm with a proven ability to find
globally optimal solutions to a problem [48]. It works well for discrete states that
are difficult to be searched exhaustively. As a result, the DP algorithm is adopted for
the path planning problem. The first step in applying DP is to represent the problem
in a DP formulation, that is, to identify the state, action, action value, and the state
value of the problem.
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State Si, j: The states of the problem are the discrete points defined in Section 8.1.
A state is denoted as Si, j where i and j denotes the row and column of the workspace
respectively. The first row represents the starting ring (Ring 1) and the last row
represents the ring that contains the target position (Ring m). The elements in each
row represent the points in that ring.

Action Si, j → Si+1,k: It is assumed that the target position will not be located
on the starting ring, and thus no repeat movement will occur on a ring. Movement
can occur to the points on the next ring only. This assumption is reasonable, as
climbing motions rarely require moving laterally without moving up or down. This
assumption significantly reduces the search space of the problem.

Action value Q
(
Si, j,Si+1,k

)
: The action value is defined as the sum of the reward

values:
Q
(
Si, j,Si+1,k

)
=−D(Si, j,Si+1,k)+ a0Gi+1,k +Oi+1,k (8.1)

where D(Si, j,Si+1,k) represents the Euclidean distance between Si, j and Si+1,k. Oi, j

is the obstacle value. The value is taken as zero if there is no obstacle and −∞
if an obstacle is present. An obstacle means an unreachable point, as defined in
Section 8.1. a0 is a positive scalar value to adjust the weight of Gi, j in (8.1). Gi, j

relates to the amount of the pull-out force generated by the gravity at that point.
That the pull-out force is directly proportional to the z component of the normalized
surface normal vector zi, j is shown in Fig. 8.4. Hence, the value of Gi, j is defined
as:

Gi, j = zi, j− 1 (8.2)

where ni, j ∈ [−2,0].
State value Vi, j: Given a target position and the reward values, the state value of

each state can be defined. The state value of row m-1 is the distance to the target
position, that is,

Vm−1, j = Q(Sm−1, j,Sm,t) (8.3)

where Sm,t denotes the target state.
The state value of the other states can be found by:

Vi, j = max
(
Vi+1,k +Q

(
Si, j,Si+1,k

))
(8.4)

where k ∈ [1,n] and i ∈ [1,m− 1].
The next possible states for each state are the points in the next row. As a result,

using DP, the computational complexity is only O(mn2). In fact, the value n is a
problem independent value that does not change with the height of the tree. Thus,
the computational complexity to solve the problem is only O(m) that can be solved
in linear time.

Optimal Path: Once the state value of each state has been defined, the optimal
path can be obtained by starting at an arbitrary position or the first row of the state
with the maximal state value, and then selecting the state in the next row for which
the sum of the state and action values Vi+1,k +Q

(
Si, j,Si+1,k

)
is largest. In that, Si, j

and Si+1,k are the current and next state respectively.
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Fig. 8.4 Coordinates and notations for the shape of the tree and the gravity vector.

8.2.2 Dynamic Environment

The structure of a tree will rarely change in a short term. The main reason of up-
dating the information of the environment is that more accurate information on the
shape of tree is obtained when Treebot gets closer to a given region. As the calcula-
tion of state values in DP is a top-down process, for an ascending motion, a change
in environment in the lower part does not affect the state values of the upper part,
and only the state values in the lower part need to be modified. The path can then be
updated according to the new state values.

Another merit of using DP in this application is that once all the state values of
the state space are obtained, the optimal path starting at arbitrary position can easily
be obtained in linear time. As Treebot may not go to the target position and orien-
tation exactly due the system error and disturbance, the frequently updated optimal
path according to the current position of Treebot is necessary to moderate the path
following error.

8.3 Motion Planning

The path planning algorithm generates a 3D path on the manifold of tree surface
with high likelihood of success. The next task comes to the motion planning to
make Treebot follows the planned path. The ideal solution is that all the steps (front
and rear gripper) and the body of robot can place on the planned path. However,
finding a motion that keeps both the front and rear grippers and the continuum body
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on the planned path may not feasible due to the nonholonomic constraints of Tree-
bot’s kinematics. It is assumed that the path-following problem has a certain toler-
ance. This assumption is applicable when the path is planned to avoid obstacles at
a certain distance. Searching methods can be applied to find the globally optimal
motion sequence to fit the planned path, but this is time consuming. As a result, a
computationally efficient strategy to find a near-optimal solution is used rather than
exhaustive searching.

8.3.1 Strategy of Motion Planning

It may not be possible to have both grippers and the continuum body on the planned
path. As an alternative, either one of the grippers can be placed on the path and then
determine the position of the other gripper to minimize the path-following error. A
front-gripper-based method, in which all of the steps of the front gripper attach on
the planned path, is adopted as it is more intuitive. With this method, the extension
motion is used to move the front gripper to the planned path and the contraction
motion is used to make the rear gripper adjust the orientation of Treebot to make
the next extension motion best fit the planned path. The procedure for the motion-
planning scheme is detailed as follows.

8.3.1.1 Path Segmentation

As it is intended that the front gripper is always placed on the planned path, the first
task is to determine the target positions of the front gripper on the path. The path
between the target positions of the front gripper are defined as path segments of the
planned path. As Treebot has a variable length of step, the problem becomes one of
determining the length of the continuum body in each climbing gait. As the gripping
motion takes time, to climb efficiently, the body should contracts and extends as
much as possible so as to minimize the number of gripping motions required. As a
result, the length of the contraction motion is set as the minimum admissible length
Smin while the distance between the target positions of the front gripper is first set
as the maximum length of extension of the robot body Smax. Once the planned path
has been segmented, the next task is to approximate the segment in an arc shape.

8.3.1.2 Arc Fitting

To find an optimal direction of the rear gripper in which the future motion fits the
planned path, the path segment should be approximated as an arc as the continuum
body has an arc shape. In addition, the target position of the rear gripper should
be located near the planned path. As a result, the arc fitting process also considers
a rear path segment. The rear path segment is defined as a path below the current
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position of the front gripper with length Smin. The 3D arc fitting method is similar to
the method proposed in Chapter 7 with certain modification as illustrated in Fig. 8.5.
In the figures, the solid line and dash line represent the path segment and the rear
path segment respectively. The fitted arc must pass through the current and target
position of the front gripper. Hence, the path segments are transformed as illustrated
in Fig. 8.5(b) such that the current position of the front gripper is located at the
origin and the target position of the front gripper is lied on z-axis. The plane fitting
and 2D arc fitting are then conducted by considering both segments.
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Target position 
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Fig. 8.5 Procedures for 3D arc fitting: (a) A path segment; (b) Transformation; (c) Plane
fitting; (d) 2D arc fitting.
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8.3.1.3 Optimal Direction of the Rear Gripper

By fitting the arc, the center and radius of the approximated arc can be obtained.
The optimal position and direction of the rear gripper can then be determined as
illustrated in Fig. 8.6. In the figure, the green dot and arrow represent the optimal
position and direction of the rear gripper respectively, and the red arc represents
the contraction posture of the continuum body. The rear gripper can be set in this
position and direction only if the direction of the front gripper is tangential to the
starting point of the approximated arc. However, the direction of the front gripper is
uncontrollable when the position of the front gripper is fixed as it is a nonholonomic
system. As a result, the optimal position is neglected and the target direction of the
rear gripper is set to the optimal direction. With this method, the position of the rear
gripper will shift away from the optimal position. This shift will not affect much of
the path following result as it is small when compared with the length of the path
segment.

y

z

Fitted plane

Fitted arccenter
Optimal position 
of rear gripper

Optimal direction 
of rear gripper

r

Fig. 8.6 Optimal position and direction of the rear gripper.

The optimal direction of the rear gripper vrg in the global frame can be obtained
by:

vrg = Rotz (−θz)Roty (−θy)Rotz (−θp)

⎡
⎣ 0

cosθr

sinθr

⎤
⎦ (8.5)

where θr = tan−1 zc
yc
−
(

π
2 + Smin

r

)
. Roti (θ ) denotes the rotation matrix about i-axis

in angle θ where i ∈ x,y,z.
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8.3.2 Posture of the Robot

8.3.2.1 Rear Gripper

If the rear gripper is in the optimal direction, it may not capable of setting on the
tree surface. It is assumed that the surfaces at the target positions of the rear gripper
and the current position of the front gripper have similar properties, as the distance
between them is short in the contraction motion. To ensure that the target position of
the rear gripper will be on the tree surface, the optimal direction vector is projected
on the plane defined by the surface normal to the front gripper position. As a result,
to find the appropriate posture of the continuum body for placing the rear gripper,
vrg is first transformed to the front gripper frame so that the center of the front
gripper is at the origin, the direction of the front gripper is on the z-axis and the
surface normal vector is on the x-axis, as shown in Fig. 8.7. Then, vrg is projected
onto the y-z plane (blue arrow in the figure). Finally, the appropriate posture of the
continuum body for placing the rear gripper can be determined as:

φr =−
∣∣θrg
∣∣

θrg

π
2

(8.6)

κr =

∣∣θrg
∣∣

Smin
(8.7)

Sr = Smin (8.8)

where tanθrg =
z′
y′ .

x
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z

Rear gripper

Front gripper

Projected optimal direction 
of the rear gripper 

rg

rg

[ x’,y’,z’ ]

Fig. 8.7 The concept to determine the posture of the continuum body during a contraction
motion.
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8.3.2.2 Front Gripper

The target positions of the front gripper are defined by the path segmentation pro-
cess. To determine the appropriate posture of the continuum body for placing the
front gripper on a target position, the target position is first transformed into the
rear gripper frame which is located at the target position of the rear gripper. The
target position of the rear gripper can be obtained by (6.7) according to (Sr,φr,κr).
In the rear gripper frame, the center of the rear gripper is at the origin and the direc-
tion vector of the rear gripper is on the z-axis. The posture of the continuum body
to place the front gripper to the target position,

(
S f ,φ f ,κ f

)
, can then be obtained

by (6.6).

8.3.3 Adaptive Path Segmentation

Segmenting a path by a fixed length of path segmentation may induce two problems,
a poor quality of the arc fitting result, and the target position for the front gripper
is unreachable due to the limitation of the body extension. Those problems can be
solved by reducing the length of the path segment adaptively.

8.3.3.1 Quality of the Arc Fitting Result

In some occasions, path segmentation in a constant length may not be fitted closely
to an arc as shows in Fig. 8.5(d). The poorly fitted arc degrades the accuracy of the
path following as the motion of Treebot is in an arc shape. In this case, reducing the
length of the path segment can help improve the fitting quality. The length of the
path segment is reduced until the fitness value of the arc is smaller than a positive
threshold ε , that is, max(eplane,earc)< ε .

8.3.3.2 Unreachable Target Position

In the motion planning, even the length of a path segment is defined as the admis-
sible length of extension of the robot body. The front gripper may not capable of
going to the target position by two reasons, one is the length of the approximated
arc is longer than the admissible length of extension, the second reason is that the
target position of the front gripper become farer to the target position after the move-
ment of the rear gripper. The unreachable target position of the front gripper can be
detected by checking if S f > Smax before the actual movement. If it is the case,
the length of the current path segment reduces and the solution is recalculated until
S f < Smax.
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In summary, Fig. 8.8 shows the procedures of the proposed motion planning strat-
egy. It mainly consists of two loops. The outer loop segments the path in a constant
length, and then plans and implements the robot motions. The inner loop fine tunes
the length of path segment to get the satisfied solution.

Extract next path 
segment

Arc fitting

Motion planning

max(eplane,earc)< 

Reduce the length of 
path segment

No

Yes

Planned path

Sf < Smax No

Motion 
implementation

Yes

Fig. 8.8 Procedures of the proposed motion planning strategy.

8.4 Simulations

To evaluate the performance of the proposed global path and motion planning al-
gorithm, a tree model that is composed of three branches is constructed. The tree
surface is discretized as shown in Fig. 8.9. The rings are marked in different colors
to distinguish the branches to which they belong to. The obstacles are marked in
magenta.
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Branch 2 

Branch 3 

Obstacles

Target position 

Initial position 

Fig. 8.9 Experimental tree model.
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8.4.1 Global Path Planning

To evaluate the global path planning algorithm, a target position is located at the top
of Branch 2 and the initial position is located at the bottom of Branch 1, as shown
in Fig. 8.9. Fig. 8.10 illustrates the reward value Gi, j and Oi, j of the selected state
space, that is, Branch 1 and Branch 2. In the figure, the hollow regions represent
the location of obstacles. The state space arrangement in Fig. 8.10 may not reflect
the actual geometric relationship. The planned path generated by the path planning
algorithm is shown in Fig. 8.9 and Fig. 8.10 colored in black and grey respectively.
In the figures, it can be observed that the planned path successfully reaches the target
position by avoiding the obstacles and passing through positions with high reward
values.
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Fig. 8.10 Reward value of the selected state space.

8.4.2 Motion Planning

In the motion planning simulations, it is going to follow the path as shown in
Fig. 8.9. Several motion planning simulations by using different planning schemes
have been conducted to illustrate the effects of different concerns in the pro-
posed motion planning algorithm. The parameters are set as Smax ≈ 100mm and
Smin ≈ 15mm.
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8.4.2.1 Scheme 1

In this motion planning scheme, the planned path is segmented in a constant length.
The target direction of the rear gripper is simply equal to the direction of the front
gripper. Fig. 8.11(a) and (b) shows the motion planning result in front and left view
respectively. To show the motions of Treebot clearly, the obstacles are not displayed
in the figures. In the figures, the black line is the planned path, the blue and red
arrows indicating the direction and position of the front and rear gripper respectively.
The green arc represents the Treebot body in extension motion. The robot requires
four climbing gaits to go to the destination. It can be observed that the path following
result is not good, several motions (first, second and third gaits) occur far from
the planned path. In that, the first and second gait pass through the obstacles, and
results in climbing failure. It illustrates that an advanced motion planning algorithm
is necessary.

8.4.2.2 Scheme 2

In this scheme, the planned path is also segmented in a constant length, but the
target direction of the rear gripper is defined according to the arc fitting method
as described above. In that, only the front path segments are considered and the
rear path segment is neglected. Fig. 8.12 shows the motion planning result. When
compare with Scheme 1, there is a little improvement especially at the second gait as
shown in Fig. 8.12(a). However, the result is still unsatisfied. The main reason is that
some of the path segments cannot be fitted closely in an arc shape. Table 8.1 shows
the length, plane and arc fitness values of each path segment. It can be observed that
the fitness values in the first three segments are large which indicates that the path
segment cannot be fitted closely as an arc shape. It is thus resulted in a large path
following error.

Table 8.1 Length, plane and arc fitness values of the path segments by Scheme 2.

Path segment Length Plane fitness value Arc fitness value

1 101.7056 4.2672 1.6486
2 103.8405 3.0344 3.4747
3 103.7879 3.0126 1.3705
4 102.5579 0.7127 2.6955
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(a)     (b) 

Fig. 8.11 Motion planning results by using Scheme 1. (a) Front view; (b) Left view.

8.4.2.3 Scheme 3

In this scheme, the adaptive path segmentation method is adopted. The plane and arc
fitness values are restricted below 1. The arc fitting method still considers the path
segments only and the rear path segment is neglected. Fig. 8.13 illustrates the motion
planning result and Table 8.2 lists the corresponding fitness values and segment
length. The result is much better that that of Scheme 1 and 2. The adaptive length
of path segment results in three more gaits required to go to the destination when
compare with Scheme 1 and 2. However, minor path following error are still existed
in some motions such as the second last and third last gaits.
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(a)     (b) 

Fig. 8.12 Motion planning results by using Scheme 2. (a) Front view; (b) Left view.

Table 8.2 Length, plane and arc fitness values of the path segments by Scheme 3.

Path segment Length Plane fitness value Arc fitness value

1 41.6051 0.3706 0.5240
2 60.1004 0.6290 0.8152
3 68.0415 0.8390 0.6740
4 43.8508 0.9156 0.8051
5 54.5455 0.7432 0.4643
6 103.8487 0.3411 0.9490
7 39.8998 0.0843 0.1428
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(a)     (b) 

Fig. 8.13 Motion planning results by using Scheme 3. (a) Front view; (b) Left view.

8.4.2.4 Scheme 4

The main different between Scheme 4 and Scheme 3 is that the arc fitting method of
Scheme 4 considers both the front and rear path segments as proposed in Section 8.3.
Fig. 8.14 illustrates the motion planning result and Table 8.3 lists the corresponding
fitness values and segment length. It can be realized that the path following result
is further improved when compare with Scheme 3 with two more climbing gaits
required. There is no obvious path following error exist.

The comparisons of the motion planning results in different schemes reveal the
necessary and significance of each component proposed in Scheme 4, including the
target direction of the rear gripper is defined according to the fitted arc, the length
of path segment is adaptive to the arc fitting values, and the consideration of both
the front and rear path segments in arc fitting.



8.4 Simulations 135

(a)     (b) 

Fig. 8.14 Motion planning results by using Scheme 4. (a) Front view; (b) Left view.

Table 8.3 Length, plane and arc fitness values of the path segments by Scheme 4.

Path segment Length Plane fitness value Arc fitness value

1 32.3859 0.4718 0.5626
2 15.4248 0.9811 0.3195
3 48.1392 0.9993 0.9369
4 67.9364 0.9926 0.5825
5 49.7117 0.9814 0.6281
6 34.0526 0.5615 0.9908
7 71.9228 0.6248 0.8871
8 66.7931 0.6713 0.9098
9 25.5255 0.1236 0.1738
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8.5 Experiments

An experiment has been conducted on a tree to evaluate the proposed planning algo-
rithm in a real situation. Fig. 8.15(a) shows the target tree of climbing and the target
climbing position. The corresponding tree model which is approximated by a man-
ual measurement along with the path and motion planning results are illustrated in
Fig. 8.15(b). In this experiment, Scheme 4 is adopted for the motion planning. The
motion planning result shows that Treebot have to take seven climbing gaits to climb
to the target position by avoiding the obstacle. Fig. 8.16 shows the actual climbing
motions of Treebot according to the planned motions. It can be observed that Tree-
bot climbed along the planned path according to the planned motion and went close
to the target position. The position error to the target position was mainly due to the
inaccurate modeling of the shape of the tree and the neglect of the deformation of
the continuum body due to the gravitational force.

(a)   (b) 

Target position 

Starting position 

Fig. 8.15 (a) The target tree of climbing and the target climbing position; (b) Approximated
tree model and the solutions of path and motion planning.
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a b c d

e f g
Fig. 8.16 Climbing motions of Treebot according to the proposed path and motion planning
algorithm.

8.6 Summary

In summary, this chapter presented a global motion planning strategy for tree climb-
ing that guides Treebot to climb to a target position based on a given global shape
of tree. An intuitive method was proposed to represent a climbing space that sim-
plifies the complexity of the problem. A dynamic programming algorithm (DP) is
then adopted to find the optimal climbing path that minimizes the climbing effort
and avoids obstacles. A path planning solution is thereby obtained in linear-time.
A computationally efficient motion planning algorithm was also proposed to guide
Treebot to follow the planned path. The performance of the proposed motion plan-
ning schemes was compared through simulations. Results revealed that a significant
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improvement can be made by using the selected motion planning scheme. An ex-
periment of applying the proposed planning algorithm on climbing a real tree was
conducted with Treebot to verify the proposed global path and motion planning
method in practice. The experimental results revealed that Treebot can climb only
close to the target position. The inaccurate result is mainly resulted by the inac-
curate modeling of the shape of the tree and the neglect of the deformation of the
continuum body due to the gravitational force.



Chapter 9
Conclusions and Future Work

9.1 Conclusion

This book reports a great deal on analysis, mechanical design, motion planning and
control of Treebot. To conclude this book, the contributions to the field of tree-
climbing robots presented in this book are outlined as follows.

9.1.1 Methodology and Design Principle for Tree-Climbing
Robots

A comprehensive study of tree-climbing methodologies in both natural and arti-
ficial aspects was undertaken. The major fastening and maneuvering methods for
climbing on arboreal environments were introduced and discussed. The fastening
methods were categorized as wet adhesion, Van der Waals force, claw penetration,
and frictional gripping. As for the maneuvering methods, they were categorized as
wave form, body bending, extend-contract, extend-contract with bend, tripod gait,
quadruped gait, wheel-driven, and rolling in helical shape. The fastening and ma-
neuvering methods were ranked based on the proposed design principles, i.e., ma-
neuverability, robustness, complexity, adaptiveness, size, and speed. It is found that
there is no one method that is the best in all aspects. Each of the methods has it
own merit in view of different design principles. The analysis provides a compre-
hensive reference to help robot designers in selecting the most appropriate climbing
methods in designing a tree-climbing robot for specific purpose.

9.1.2 A Novel Tree-Climbing Robot with Distinguish
Performance

In this book, the development of a novel tree-climbing robot, Treebot, was pre-
sented. It has distinct advantages over conventional tree-climbing robots. It is the

T.L. Lam and Y. Xu: Tree Climbing Robot, STAR 78, pp. 139–143.
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world’s lightest, smallest and most flexible tree-climbing robot. It successfully over-
comes the workspace limitation problem in the conventional tree-climbing robots.
Treebot is especially suitable for long time operations, working on the crown of a
tree, and performing light duty tasks such as tree inspection, maintenance, pest con-
trol and monitor arboreal environment for ecological research. One of the original
contributions of this work is the application of the extendable continuum mechanism
as a maneuvering system for tree climbing. This opens up a new field of applica-
tions for the continuum mechanism. As the inherent compliance of the continuum
mechanism gives a certain self adaptiveness to the environment, it is especially suit-
able for working on unstructured environment such as tree climbing to simplify the
control issues. The continuum mechanism used in Treebot adopts a novel driving
mechanism which permits superior extensibility. It permits Treebot to have high
maneuverability such that the admissible climbing workspace surpasses that of all
the state of the art tree-climbing robots. In addition, the proposed extendable con-
tinuum mechanism is compact and hence keeps Treebot in lightweight.

Another contribution is the development of the miniature omni-directional tree
gripper. The unique mechanical design makes the gripper compact and simple to
control. It consumes zero energy in static gripping, which enables Treebot to re-
main on a tree for a long time. The gripper is also capable of fastening on a wide
variety of trees with a wide range of gripping curvatures which have been verified
by numerous experiments. This allows Treebot to climb between a large tree trunk
and small branches without any change in the gripper settings. It is one of the key
elements that Treebot is capable of climbing from a trunk to the crown of a tree as
the size of a tree trunk is usually larger than the branches at the crown of the tree
in several times. On top of that, the gripper settings have been optimized to gen-
erate the maximum gripping force. The experimental results found that the gripper
performs well on trees which bark will not peel off easily.

9.1.3 Kinematics and Workspace Analysis

The kinematic model of Treebot was developed and presented in this book, which is
actually a kinematic model of a continuum manipulator with straight rods connect-
ing to the ends of the continuum manipulator. It considers the relationship among the
length of tendons, posture of the continuum body and the Cartesian coordinates at
the end points based on different frames. The workspace analysis has also been con-
ducted to reveal the capability and limitation of the continuum manipulator in terms
of locomotion. It offers a complete insight to a robot designer on understanding the
admissible climbing motions of a robot that uses continuum mechanism for maneu-
vering. More importantly, the study of the kinematics and workspace of a continuum
mechanism provides crucial information for motion planning and autonomous con-
trol in the type of robots that adopts continuum mechanism for maneuvering.
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9.1.4 Autonomous Climbing Strategy in an Unknown
Environment

Inspired by arboreal animals, an autonomous tree-climbing algorithm was devel-
oped that enables Treebot to explore and climb on an unknown shape of tree au-
tonomously. A computational efficient exploration approach has been proposed
which uses limited tactile sensors instead of complex sensing equipment such as
cameras. A 3D arc fitting algorithm was proposed to reconstruct the shape of tree
according to the data acquired by the tactile sensors. The experimental results re-
veal that the proposed exploring strategy along with the tree shape approximation
algorithm can approximate the shape of trees correctly. The approximated shape of
tree permits Treebot to identify the environment and helps determine the optimal
climbing position, i.e., the position above the centerline of the tree to minimize the
tendency of toppling sideways. An associated motion planning algorithm was thus
proposed to guide Treebot going to the optimal position. Several feasible motion
planning strategies were discussed. Experimental results show that the integration
of the works make Treebot to follow the optimal path successfully. The study and
the experiments also reveal how best tactile sensors can be used to aid autonomous
tree climbing.

9.1.5 Global Path and Motion Planning on Climbing Irregularly
Shaped Trees

A global path and motion planning strategy for tree climbing was developed to guide
Treebot to climb to a target position based on a given shape of tree. To the best of the
author’s knowledge, this is the first study to solve the global motion planning prob-
lem for tree climbing. The path and motion planning problem are solved by dividing
it into a path planning and a motion planning sub-problem, which are solved sepa-
rately to reduce the dimensions of the problem space. An intuitive method has been
proposed to represent a climbing space in a tree data structure that highly simplifies
the complexity to the path planning problem. A dynamic programming (DP) algo-
rithm is adopted to find an optimal climbing path that minimizes the climbing effort
and avoids obstacles. A path planning solution is thereby obtained in linear-time.
A computationally efficient motion planning algorithm was also proposed to guide
Treebot to follow the planned path. It is achieved by using an adaptive segmentation
technique on the planned path and an intuitive front-gripper-based motion planning
strategy. The performance of the proposed motion planning method was verified by
both simulation and experimental results.
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9.2 Future Research Directions

Based on the works we have achieved, we look beyond our current study and pro-
pose some future research issues. The followings are some possible applications,
improvements and extension of the works.

9.2.1 Fastening Mechanism

The current fastening mechanism has four contact points to the substrate, which is
mainly designed for lifting miniature robots. To extend the use of the mechanism to
large scale robots, or capable of equipping heavier objects, the mechanism has to be
improved so as to generate larger fastening force. The improved fastening mecha-
nism also has potential to apply on other fields such as rock climbing, or acted as a
shoe for astronauts to help fasten them on the ground of a planet with near-zero grav-
ity. In order to optimize the fastening mechanism, the relationship among the claw
insert angle, stiffness of the substrate, direction of acting force, and fastening force
generated in different direction should be formulated. Provancher [35] conducted a
set of experiments in two-dimensional plane only. In addition, it provides data in
certain set of experimental setups only and no equation in modeling the relation-
ship is presented. As a result, to optimize the settings of the fastening mechanism,
a comprehensive study and analysis of the interaction between claw and substrate
in three-dimensional space should be conducted and a model in representing the
relationship should be formulated in the future. On the other hand, increasing the
number of contact points can reduce the load shared on each claw. It can then in-
crease the maximal fastening force of the gripper. In order to keep the mechanism
in lightweight and simple in control by minimizing the use of actuators, a certain
level of compliance on the claws should be adopted in the mechanism. As a result,
a proper mechanism to increase the number of contact points and at the same time
keep the optimal insert angle by utilizing compliance is worth to be investigated in
the future.

9.2.2 Continuum Mechanism

One of the distinct features of the continuum mechanism is that it has a certain level
of compliance so as to adapt to unstructured environment. However, the compli-
ance is also a drawback in view of position control as the posture of the continuum
mechanism will be affected by external force such as gravitational force. The kine-
matic model of the continuum mechanism neglects the deflection and hence it is
not accurate enough to describe the actual posture of the continuum mechanism in
practice. The position control of the continuum mechanism under different exter-
nal load becomes a challenging problem. In order to approximate the posture of the
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continuum mechanism accurately which is especially useful for motion planning
in autonomous control, the dynamics of the continuum mechanism including the
deflection due to the exertion of external forces must be modeled. The analysis of
the dynamics of the continuum mechanism is also useful for selecting the optimal
parameters of the setting of the mechanism such as the stiffness of tendons and the
power of motors so as to fit for different application.

On the other hand, we are seeking the possibility of applying the proposed ex-
tendible continuum manipulator technologies on other field robots, such as pipe
robot, wall climbing robot and pole climbing robot or even applying on other fields
of application. We believe that these technologies are suitable in overcoming the en-
gineering challenges for the autonomous field robot for similar system as Treebot.

9.2.3 Map Building and Localization

We have proposed a global path and motion planning algorithm for tree climbing.
It is only the first step towards full implementation. To allow autonomous climbing
globally, a global shape of a tree must be obtained. An appropriate method for ob-
taining a map to describe a tree surface should thus be developed in the future. A 3D
tree map which consisted of the 3D shape of tree and the surface images is useful
for health inspection of trees and conducting researches on the area of agriculture
and forestry. After obtaining the 3D tree map, users can locate where they want
Treebot to go on a 3D tree map and Treebot can go to the target position on a tree
autonomously. It highly simplifies the work of manipulating Treebot. In addition to
map building, a method for locating the actual position of the robot on the tree is
necessary to compensate the path following error caused by the environment uncer-
tainty and modeling error. There are mainly two technical challenges, map building
and robot localization which can be achieved by utilizing simultaneous localization
and mapping (SLAM) technique. In view of the similarity of the color and texture of
the surface of trees, it is difficult to use passive stereo imaging technique to obtain
the shape in 3D. It is suggested using active type RGBD camera such as Kinect to
obtain the 3D shape and the color image simultaneously. Since it uses active light
to obtain the 3D shape, it also suffers from fewer disturbances due to the outdoor
lighting condition.



Appendix A
Derivation of Equations

A.1 Kinematics of the Continuum Body

A.1.1 Inverse Kinematics

Initial position of tendon 1: (−d,0)

Initial position of tendon 2:
(

1
2 d,−

√
3

2 d
)

Initial position of tendon 3:
(

1
2 d,

√
3

2 d
)

After transformation to the new direction of bend (rotation of about z-axis), the x
coordinates of the initial position of tendons become,

T1x = −d cosφ (A.1)

T2x =
1
2

d cosφ −
√

3
2

d sinφ = d sin
(π

6
−φ
)

(A.2)

T3x =
1
2

d cosφ +

√
3

2
d sinφ = d sin

(π
6
+φ
)

(A.3)

As each tendon should have same θ ,

li = (r−Tix)θ (A.4)

Since θ = κS and r = 1/κ , (A.4) can be rewritten as,

li =

(
1
κ
−Tix

)
κS = (1−κTix)S (A.5)
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As a result, the inverse kinematics becomes,

l1 = S (1+κd cosφ ) (A.6)

l2 = S
(

1−κd sin
(π

6
−φ
))

(A.7)

l3 = S
(

1−κd sin
(π

6
+φ
))

(A.8)

A.1.2 Forward Kinematics

To find the forward kinematics, sub. (A.6) into (A.7):

l2 =
l1

(1+κd cosφ )

(
1−κd sin

(π
6
−φ
))

⇒ κ =
l1− l2

d
(
l1 sin

(π
6 −φ

)
+ l2 cosφ

) (A.9)

Sub. (A.6) into (A.8):

l3 =
l1

(1+κd cosφ )

(
1−κd sin

(π
6
+φ
))

⇒ κ =
l1− l3

d
(
l1 sin

(π
6 +φ

)
+ l3 cosφ

) (A.10)

Combine (A.9) and (A.10):

l1− l2
d
(
l1 sin

(π
6 −φ

)
+ l2 cosφ

) = l1− l3
d
(
l1 sin

(π
6 +φ

)
+ l3 cosφ

)

(l1− l2)
(

l1 sin
(π

6
+φ
)
+ l3 cosφ

)

= (l1− l3)
(

l1 sin
(π

6
−φ
)
+ l2 cosφ

)

Since sin
(π

6 ±φ
)
= sin

(π
6

)
cosφ ± cos

(π
6

)
sinφ = 1

2 cosφ ±
√

3
2 sinφ ,

(l1− l2)

((
l1
2
+ l3

)
cosφ + l1

√
3

2
sin φ

)

= (l1− l3)

((
l1
2
+ l2

)
cosφ − l1

√
3

2
sinφ

)

(l1− l2)
(
(l1 + 2l3)cosφ +

√
3l1 sinφ

)



A.1 Kinematics of the Continuum Body 147

= (l1− l3)
(
(l1 + 2l2)cosφ −

√
3l1 sinφ

)
[√

3l1 (l1− l2)+
√

3l1 (l1− l3)
]

sinφ

= [(l1− l3)(l1 + 2l2)− (l1− l2)(l1 + 2l3)]cosφ
√

3l1 (2l1− l2− l3) sinφ = 3l1 (l2− l3)cosφ

sin φ
cosφ

=
3(l2− l3)√

3(2l1− l2− l3)

tanφ =

√
3(l2− l3)

(2l1− l2− l3)
(A.11)

⇒ φ = tan−1

√
3(l2− l3)

(2l1− l2− l3)
(A.12)

Eq. (A.9) can be rewritten as:

κ =
l1− l2

d
(

l1
(

1
2 cosφ −

√
3

2 sinφ
)
+ l2 cosφ

)

=
2(l1− l2)

d
(
l1
(
cosφ −√3sinφ

)
+ 2l2 cosφ

)
=

2(l1− l2)

d
(
(l1 + 2l2)cosφ −√3l1 sinφ

)
=

2(l1− l2)

d cosφ
(
(l1 + 2l2)−

√
3l1 tanφ

) (A.13)

Since cosφ = 1√
1+tan2φ

,

κ =
2(l1− l2)

√
1+ tan2φ

d
(
(l1 + 2l2)−

√
3l1 tanφ

) (A.14)

Sub. (A.11) into (A.14):

κ =
2(l1− l2)

√
1+
( √

3(l2−l3)
(2l1−l2−l3)

)2

d
(
(l1 + 2l2)−

√
3l1

√
3(l2−l3)

(2l1−l2−l3)

)

=
2(l1− l2)

√
(2l1− l2− l3)

2 +
(√

3(l2− l3)
)2

d ((2l1− l2− l3)(l1 + 2l2)− 3l1 (l2− l3))

=
2
√

l1
2 + l2

2 + l3
2− l1l2− l2l3− l1l3

d (l1 + l2 + l3)
(A.15)
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Sub. (A.14) into (A.6):

S =
l1(

1+ d 2(l1−l2)
√

1+tan2φ
d((l1+2l2)−

√
3l1 tanφ)

1√
1+tan2φ

)

=
l1(

1+ 2(l1−l2)

((l1+2l2)−
√

3l1 tanφ)

) (A.16)

Sub. (A.11) into (A.16):

S =
l1⎛

⎝1+ 2(l1−l2)(
(l1+2l2)−

√
3l1

√
3(l2−l3)

(2l1−l2−l3)

)
⎞
⎠

=
l1(

1+ 2(l1−l2)(2l1−l2−l3)
((2l1−l2−l3)(l1+2l2)−3l1(l2−l3))

)

=
l1(

1+(2l1− l2− l3)
2(l1−l2)

((2l1−l2−l3)(l1+2l2)−3l1(l2−l3))

)

=
l1(

1+ (2l1−l2−l3)
(l1+l2+l3)

)

=
l1 (l1 + l2 + l3)

((l1 + l2 + l3)+ (2l1− l2− l3))

=
(l1 + l2 + l3)

3
(A.17)

Jones [30] introduces a kinematic model for a general class of continuum robot by
different approaches. But it is found that this model is same as the model we have
divided. It can bee seen that the equations are similar except the difference of φ
is π/2.

A.1.3 Mapping between the Posture and the Cartesian Coordinate

(S,κ ,φ)← f (xt ,yt ,zt):
According to Fig. A.1(a), φ can be determined by:

φ = tan−1 yt

xt

To find S and κ , it is first rotate the virtual tendon to x-z plane (refer to Fig. A.1(b)).
Then,

θ1 = tan−1 zt

xt
′

where xt
′ = xt cosφ + yt sinφ .
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Once θ1 is obtained, the radius of bend r can be found by:

r =

√
xt
′2 + zt

2

2cosθ1

Hence,

κ =
2cosθ1√
xt
′2 + zt

2
=

2cos
(

tan−1 zt
xt ′
)

√
xt
′2 + zt

2
=

2 1√
1+
(

zt
xt ′
)2

√
xt
′2 + zt

2
=

2xt
′

xt
′2 + zt

2

as cos
(
tan−1x

)
= 1√

1+x2
. Refer to Fig. A.1(b)),

θ = 2
(π

2
−θ1

)
= 2

(
π
2
− tan−1 zt

xt
′

)

tan

(
π
2
− θ

2

)
=

zt

xt
′

cot
θ
2
=

zt

xt
′

tan
θ
2
=

xt
′

zt

θ = 2tan−1 xt
′

zt

Since S = θ
/

κ ,

S =
xt
′2 + zt

2

xt
′ tan−1 xt

′

zt

(xt ,yt ,zt)← f (S,κ ,φ):
According to Fig. A.1,

⎡
⎣ x′t

0
zt

⎤
⎦=

⎡
⎣ r− r cosθ

0
r sin θ

⎤
⎦= r

⎡
⎣ 1− cosθ

0
sinθ

⎤
⎦

Then,
⎡
⎣ xt

yt

zt

⎤
⎦ = Rotz (φ)

⎡
⎣ x′t

0
zt

⎤
⎦= Rotz (φ) r

⎡
⎣ 1− cosθ

0
sinθ

⎤
⎦

=
1
κ

⎡
⎣ [1− cos(κS)]cosφ
[1− cos(κS)]sinφ

sin(κS)

⎤
⎦
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Fig. A.1 Notations of the continuum manipulator.
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A.2 Kinematics of Treebot

A.2.1 Mapping between the Posture and the Cartesian Coordinate

A.2.1.1 Rear Gripper Frame

(
rx f ,

ry f ,
rz f

)
← f (S,κ ,φ):

⎡
⎣

rx′f
0

rz f

⎤
⎦ = r

⎡
⎣ 1− cosθ

0
sinθ

⎤
⎦+ lr

⎡
⎣ 0

0
1

⎤
⎦+ l f

⎡
⎣ sinθ

0
cosθ

⎤
⎦

=

⎡
⎣ r (1− cosθ )+ l f sinθ

0
r sinθ + lr + l f cosθ

⎤
⎦ (A.18)

⎡
⎣

rx f
ry f
rz f

⎤
⎦ = Rotz (φ)

⎡
⎣

rx′f
0

rz f

⎤
⎦= Rotz (φ)

⎡
⎣ r (1− cosθ )+ l f sinθ

0
r sin θ + lr + l f cosθ

⎤
⎦

=

⎡
⎣
( 1

κ [1− cos(κS)]+ l f sin(κS)
)

cosφ(
1
κ [1− cos(κS)]+ l f sin(κS)

)
sinφ

1
κ sin(κS)+ l f cos(κS)+ lr

⎤
⎦

(S,κ ,φ)← f
(

rx f ,
ry f ,

rz f

)
:

φ = tan−1
ry f
rx f

To find S and κ , it is first rotate the virtual tendon to x-z plane. In addition, transform
lr in z-axis (refer to Fig. A.2), thus, rz′f =

rz f − lr and rx′f =
rx f cosφ + ry f sinφ .

Then,

rx′f = r (1− cosθ )+ l f sinθ (A.19)
rz′f = r (sinθ )+ l f cosθ (A.20)

Reform (A.20):

r =
rz′f − l f cosθ

sinθ
(A.21)
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Sub. (A.20) into (A.19):

rx′f =
rz′f − l f cosθ

sinθ
(1− cosθ)+ l f sinθ

rx′f sinθ =
(rz′f − l f cosθ

)
(1− cosθ )+ l f sin2θ

= rz′f −
(rz′f + l f

)
cosθ + l f cos2θ + l f sin2θ

sinθ
1− cosθ

=
rz′f + l f

rx′f
= u (A.22)

Let tanθ = t, sin θ = t√
1+t2

and cosθ = 1√
1+t2

, then,

sin θ
1− cosθ

=

t√
1+t2

1− 1√
1+t2

=
t√

1+ t2− 1
=

√
1+ t2+ 1

t
= u

⇒ (ut− 1)2 = 1+ t2

u2t2− 2ut+ 1 = 1+ t2

t
[(

u2− 1
)

t− 2u
]
= 0

t =
2u

u2− 1
(A.23)

Sub. (A.22) into (A.23):

t =
2

(
rz′f +l f

rx′f

)
(

rz′f +l f
rx′f

)2

− 1

=
2rx′f

(
rz′f + l f

)
(

rz′f + l f

)2− rx
′2
f

⇒ θ = tan−1
2rx′f

(
rz′f + l f

)
(

rz′f + l f

)2− rx
′2
f

From (A.21):

r =
rz′f − l f cosθ

sinθ
=

rz′f − l f
1√
1+t2

t√
1+t2

=
rz′f
√

1+ t2− l f

t
(A.24)
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Sub. (A.23) into (A.24):

r =

rz′f

√
1+
(

2u
u2−1

)2− l f

2u
u2−1

=
rz′f

u2+1
u2−1
− l f

2u
u2−1

=

(
u2 + 1

)
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(
u2− 1

)
l f

2u

=

(
rz′f − l f

)
u2 + rz′f + l f

2u
(A.25)

Sub. (A.22) into (A.25):

r =

(
rz′f − l f

)( rz′f +l f
rx′f

)2

+
(

rz′f + l f

)

2
rz′f +l f
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=
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(
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Hence,

κ =
1
r
=

2rx′f
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′2
f − l f

2 + rx
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f

Finally,

S = rθ =
rz
′2
f − l f

2 + rx
′2
f

2rx′f
tan−1
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(

rz′f + l f

)
(
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′2
f + l f
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′2
f

A.2.1.2 Front Gripper Frame

For the case of the front gripper based, the derivation is similar to the rear gripper
based but mirror about z-axis. Hence the difference are: rz f →− f zr, l f → lr and
lr→ l f .

As a result,
(

f xr,
f yr,

f zr
)← f (S,κ ,φ):

⎡
⎣

f xr
f yr
f zr

⎤
⎦=

⎡
⎣
(

1
κ [1− cos(κS)]+ lr sin (κS)

)
cosφ(

1
κ [1− cos(κS)]+ lr sin(κS)

)
sinφ

−( 1
κ sin(κS)+ lr cos(κS)+ l f

)
⎤
⎦
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Fig. A.2 Notations of Treebot.

(S,κ ,φ)← f
(

f xr,
f yr,

f zr
)
:

⎡
⎣ S

κ
φ

⎤
⎦=

⎡
⎢⎢⎢⎣

1
κ tan−1

(
2 f x̂r( f ẑr+lr)

( f ẑr+lr)
2− f x̂2

r

)

2 f x̂r
f x̂2

r+
f ẑ2

r−lr2

tan−1 f yr
f xr

⎤
⎥⎥⎥⎦

where f x̂r =
f xr cosφ + f yr sinφ and f ẑr =− f zr− l f .
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