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Abstract 

Climbing robots have become a hot research topic in recent decades. Most 

research in this area focuses on climbing manmade structures, such as ver-

tical walls, glass windows, and structural frames. Little research has been 

conducted specifically on climbing natural structures such as trees. The na-

ture of trees and manmade structures is very different. For example, trees 

have an irregular shape and their surface is not smooth. Some types of trees 

have soft bark that peels off easily. Hence, most of the climbing methods for 

manmade structures are not applicable to tree climbing. 

Preventing trees from failing is important to protect human life and prop-

erty in urban areas. Most trees in urban areas require regular maintenance. 

To reach the upper parts of a tree to perform such maintenance, workers need 

to climb the tree. However, tree climbing is dangerous, the development of 

a tree climbing robot is important to assist or replace humans works. 

Several robots have been designed to climb trees such as WOODY and 

RiSE. However, these robots are limited to climbing straight tree trunks, 

and cannot climb trees that are curved or have branches. As branches and 

curvature are present in almost all trees, the application of these robots is 

strongly restricted. 



As a result, this dissertation proposes a novel type of tree climbing robot, 

named Treeboi, which has high maneuverability on trees. The design of Tree-

bot was inspired by arboreal animals such as squirrels and inchworms. The 

applied extendable continimm maneuvering mechanism has large workspace 

and high degrees of freedom. It allows Treebot to perform various actions, 

such as moving between trunk and branches. Treebot is able to grip the 

surface of trees tightly with a wide range of gripping curvature. It enables 

Treebot to grip from a big tree trunk to small branches. The special grip-

ping mechanism allows zero energy consumption in static gripping. Although 

Treebot has high maneuverability, it is compact, lightweight, and only five 

actuators are used in total. By installing proper equipments, Treebot can 

assist workers to perform forestry tasks such as inspection and maintenance. 

It can also be used as a mobile surveillance system to observe behaviors of 

both ground and arboreal animals. 

In addition to presenting the mechanical design of Treebot, this disser-

tation also proposes several autonomous tree climbing algorithms. Making 

a robot climb a tree autonomously is a challenging task, as trees are com-

plex and irregular in shape. However, a certain level of autonomous climbing 

ability is needed to simplify the operational use of Treebot. The proposed 

works include autonomous climbing on unknown environment and global 

path planning on known environment. 



論文摘要 

攀爬機器人是近年的一個熱門的研究課題。大部分攀爬機器人的研究都集 

中於攀爬城市建設，例如牆、玻璃窗和支架。然而，攀爬樹的研究卻不 

多。樹的特性與城市建設有很大的差異，樹有不規則的外形，而且表面粗 

糙，有些樹木的樹皮更會容易脱落。因此，大多數攀爬城市建設的機器人 

並不適用於攀爬樹木。 

城市綠化是現今的大趨勢，城市四周都會種了各式各樣的樹。因此， 

防止樹木倒塌以保障途人的安全及財産顯得極為重要。為了令樹木健康生 

長，必須對樹木作出定期檢查。當要到達樹木上較高的位置進行檢査和維 

護工作時，工人必需爬到樹上。由於爬樹是一件危險的高空工作，建立一 

個爬樹機器人以協助或代替工人的工作有著重大的意義。 

目前，只有少數機器人擁有爬樹的功能，如WOODY和RiSE�但這些機 

器人都只能攀爬筆直的樹幹。他們不能爬上彎曲的樹幹或樹的分支上D由 

於樹的分支和彎曲的形狀在一般的樹木都是很常見的，這些機器人在應用 

上受到了很大的限制。 

有見及此，本論文提出了一種新型的爬樹機器人，名為Treebot�Treebot的 

設計靈感來自樹上生活的動物，如松鼠，尺蠖等�Treebot使用連續式可申 

縮及彎曲結構，使之具有髙機動性及靈活性，能夠在樹上執行各種動作， 

如攀爬彎曲的樹幹和樹幹與樹枝之間的過渡，有如生活在樹上的動物一 

樣。此外，Treebot的抓附裝置能夠適應於不同形狀及大小的夾持表面，它 

使Treebot在大小不一的樹幹和樹枝之間走動而不需更換相應大小的抓附裝 

置。Treebot的抓附裝置的另一個特點是在靜態夾持時沒有能源消耗，因 

此，Treebot能長時間停留在樹上進行任務。盡管Treebot擁有很高的機動 

性，它只由五個微型電機帶動，因此它能達至小型及輕量。通過安裝適當 



的設備，Treebot可以協助人類在樹上執行各種任務，如檢查和維修。它亦 

可以作為移動監視系統來觀察地面的情況和樹上的動物。 

令機器人能夠自主地在樹上爬行是一個極具有挑戰性的任務，因為樹的 

特性和形狀是不規則而且複雜的。然而，一定程度的自主攀爬能力對於簡 

化Treebot的使用有著重大的幫助。因此，本論文提出了Treebot的自主攀 

爬方案。當中包括對未知環境的探索與攀爬路徑規劃，以及對已知環境的 

攀爬路徑規劃。 
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In t roduct ion 

1.1 Background 

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 io work on maiimade structures, such as vertical walls and 

glass windows [1-7,39], or structural frames [9-12,40]. Few climbing robots 

have been designed to work on natural structures such as trees. Trees and 

manniade 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 are usually not vertical. Hence, most 

of the climbing methods for manmade structures are not applicable to tree 

climbing. 

To perform forestry tasks, 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. However, the use of this equipment 

is not always possible due to the access limitation. In such cases, workers can 

only climb up the tree to perform the task. As tree climbing is a dangerous 

task for human being, robots are expected to assist or replace humans in 

performing these tasks. 

1.2 Related Work 

The literature contains several reports of robots designed to climb trees as 

illustrated in Fig. 1.1. 

WOODY [13] 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 circumfer-

ence of the trunk. WOODY avoids branches by turning its body and opening 

the gripper, but the climbed tree trunk should be almost straight. 

Kawasaki [14] 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. Like WOODY, it also needs to encircle the 

entire tree trunk. 

Aracil [8] proposed a climbing robot, CPR, 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 gripping 

mechanism also requires the encircling of the entire tree trunk. However, it 

has greater maneuverability than the aforementioned two robots, and can 

climb a branchless tree trunk with a certain range of bending. 



(f) 
Figure 1.1: Prototypes of the existing tree climbing robot, (a) WOODY [13 
(b) Parallel Climbing Robot (PGR) [8]; (c) RiSE V3 [16]; (d) HyDRAS [55] 
(e) Kawasaki's pruning robot [14]; (f) RiSE V2 [15' 



RiSE V2 [15] is a wall climbing robot that imitates the movement of an 

insect in using six legs to maneuver. This robot has also been demonstrated 

to be able to climb trees. As the gripping mechanism only occupies a portion 

of gripping substrate, the size of the robot is independent of the climbing tar-

get. As a result, it is relatively small. However, it does not claim whether 

it can perform other movement on a tree, such as branche transitions or 

turning. RiSE V3 [16] is another type of climbing robot designed to climb 

straight poles with high speed. 

HyDRAS [55] is a hyper-redundant snake-like robot that can climb on 

pole-like structure. It is believed to have the potential to climb a tree trunk. 

It climbs by wrapping its body around the pole in a helical shape, rotating 

its body about its own central axis to roll up the pole. 

For those aforementioned tree climbing robots, the workspaces are re-

stricted on tree trunks only. Trees with branches and an irregular shape are 

not considered. They cannot act like tree living animals such as squirrels 

that can reach any position on an irregular shape of trees with branches. 

1.3 Motivation of the Dissertation 

The goal of this dissertation is to develop a novel type of tree climbing robot 

that can assist or replace humans in performing forestry tasks on trees. To 

achieve this goal, the robot should meet several requirements. 

1. High maneuverability. The robot should be able to perform turning, 

branch transition, and climb trees with an irregular shape to increase 

the climbing workspace on trees. 



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 pay load capacity. It allows the robot io carry equipments for 

forestry works. 

4. Lightweight and compact. This will make the robot portable and easy 

transport, which is important because the transportation of heavy ma-

chinery is not possible in some environments in which it might be used. 

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 climb-

ing ability of the robot is helpful to simplify the use of the robot. 

1.4 Organization of the Dissertation 

The remainder of this dissertation is organized as follows. 

Chapter 2 reviews existing tree climbing principles, both natural and 

artificial Six design principles are proposed to evaluate these climbing prin-

ciples. The climbing principles are ranked according to the design principles 

to help select the best climbing principle on which to base the robot design. 

In Chapter 3, the design of the proposed tree climbing robot "Treebot" 

is presented, including its mechanical design, working principles, and control 

architecture. Several climbing experiments are also presented to verify the 



climbing performance of the robot. 

Chapter 4 presents an analysis of the gripping force of the robot's gripper. 

The relationships among the settings of the gripper, the gripping curvature, 

and the gripping force generated are studied. The settings for the gripper 

are optimized analytically to generate maximal gripping force. Numerous 

experimental results on different kinds of trees were acquired to evaluate the 

actual performance of the gripper. 

Chapter 5 presents a kinematic model and workspace analysis of Treebot. 

The kinematic model is an extension of the kinematics of a continuum ma-

nipulator. The workspace represents the admissible gripping positions on a 

tree surface. The workspace analysis considers both admissible positions and 

directions of movement on the tree surface. Illustrations of the admissible 

positions in different situations are presented. 

Chapter 6 proposes an autonomous climbing strategy for unknown en-

vironments. Tactile sensors are adopted to acquire local environmental in-

formation. Strategy for exploring, tree shape approximation, optimal path 

finding, and motion planning are then developed. Experimental results are 

presented to evaluate the performance of the proposed autonomous climbing 

strategy. 

Chapter 7 presents a global path planning algorithm based on a known 

environment, and develops an efficient way of formulating the state space. 

The optimal path can be obtained by dynamic programming in linear time. 

A motion planning strategy for path tracking is also presented. Simulation 

results show the satisfactory performance of the proposed global path plan-

ning algorithm. 



Chapter 8 concludes the dissertation, and suggests some future research 

topics. 

• End of chapter . 



of Tree 

2.1 Tree Climbing Methods in the Natural 

World 

Arboreal habitats are complex environments that pose numerous challenges 

to arboreal animals. These include climbing on cylindrical branches with 

variable diameters and inclined angles, moving in narrow spaces and facing 

obstacles. Through millions 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 fas-

ten themselves on trees. The wet adhesion includes the capillary adhesion 

and suction mechanisms. This method only provides limited adhesion force, 

but it is sufficient to support such tiny creatures. Although these animals 

use this fastening principle, their locomotion is different. 

Snails have a single foot and move by pedal wave locomotion (waves of 



muscular contraction) [52]. The area of adhesion (the entire foot) is rela-

tively large, which provides a relatively large adhesion force to support their 

relatively heavy bodies. However, this method allows only relatively slow 

movement. 

Caterpillars have multiple feet that act as suctions to adhere on sub-

strates. They move by using a sinusoidal gait which is quite similar to the 

pedal wave locomotion of snails. 

Another comnion fastening principle observed in tiny animals is the Van 

der Waals force [53], which is commonly adopted by insects. Insect's feet 

have pulvilli (or pad) that can adhere to a smooth surface by the Van der 

Waals force (dry adhesion). Some insects also have micro claws on their feet 

to hook themselves onto non-smooth substrates. 

For locomotion, insects use a tripod gait, whereby at least three feet are 

in contact with the substrate at any one 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 alternatively. This can be treated as a kind of 

bipedal locomotion. Although inchworm locomotion is fast, the bending of 

the body makes the center of mass away from the climbing substrate, which 

generates large pitching force. Whereas, 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 in theory. 

Small size animals such as squirrels and birds use claw penetration method 

to fasten 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 possi-

ble. The claw-gripping method can be used to fasten onto smooth or rough 

branches with a grip of less than 180 degrees, which allows squirrels to climb 

large tree trunks. 

As quadrupedal animals, squirrels use their limbs for locomotion, usually 

through pulse climbing, which is a type of dynamic stable locomotion that 

allows very fast movement. 

Birds usually do not maneuver continuously throughout a tree, but in-

stead move by hopping along a branch or flying. 

Large size animals such as primates do not have sharp claws, and instead 

use frictional gripping to fasten on trees. They hold the body on a tree by 

encircling more than half (more than 180 degrees) of a branch with the fore-

limbs to pull the body toward the branches while both hind limbs push the 

body upward. Theoretically, this method provides a larger gripping force 

than when less than 180 degrees of the branch is gripped such as claw pene-

tration, which is why it is more suitable for large animals [48]. 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, resulting in symmetrical footfall patterns [50]. 

Snakes also adopt frictional gripping for tree climbing, but the gripping 



mechanism is totally different to that of primates [47,49]. As snakes are long 

and thin, they fasten on a tree by sticking their body into the deep vertical 

furrows in the bark and then move by internal concertina locomotion [54 . 

The frictional area (contact area) with this method is large and the center of 

mass is extremely close to the substrate, which generate sufficient fastening 

force. However, it means that snakes can climb very rough-barked but not 

smooth-barked trees [51]. 

There are numerous approaches to tree climbing in the natural world, 

each of which is suitable for particular animals in a certain idnd of arbo-

real habitat. Table 2.1 summarizes these natural tree climbing methods, and 

Fig. 2.1 illustrates the associated tree climbing animals and their means of 

locomotion. 

2.2 Artificial Tree Climbing Methods 

Arboreal animals provide many ideas for the design of tree climbing robots. 

There are several tree climbing robot have been developed as mentioned in 

Chapter 1. Most of these designs have adapted climbing approaches from 

the natural world with suitable modifications, simplifications and creations, 

instead of implement directly to suit specific purposes and artificial design 

spaces. 

WOODY, PCR and Kawasaki's pruning robots apply frictional gripping 

to attach to tree while RiSE V2 and V3 use claw penetration method. The 

locomotion of RiSE V2 imitates the insect's locomotion (tripod gait) while 

the locomotion of RiSE V3 imitates the primate's locomotion (diagonal foot-
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(h) 
Figure 2.1: Examples of tree climbing animals, (a) Snail; (b) Caterpillar; (c) 
Inchworm; (d) Insect; (e) Squirrel; (f) Birds; (g) Primate and (h) Snake. 



fall patterns). WOODY and PGR move by contract-extension their body in 

a manner similar to inch worm locomotion, except that the center of mass is 

closer to the gripping surface. 

Scientists have also created climbing robots from completely new princi-

ples. For example, the Kawasaki's pruning robot uses wheel-driven principle 

to move, which would never be seen in the natural world. This wheel-driven 

method allows very fast movement. The locomotion that the snake-like robot 

(HyDRAS) uses to climb a pole is also creative. The robot encircles the pole 

by winding its body in a helical shape to fasten itself on the pole using the 

frictional gripping principle. It climbs by rotating its body along its own cen-

tral axis, which can be treated as a kind of wheel-driven locomotion. This 

locomotion is faster than that of a real snake and real snake never move like 

this. 

Table 2.2 summarizes the artificial tree climbing methods. 

2.3 Design Principles for Tree Climbing Robots 

The previous sections have introduced natural and artificial tree climbing. 

This section presents a design principle for making a tree climbing robot. It 

helps designer to select suitable fastening principle and locomotion. To de-

sign a tree climbing robot for specific application, six major design principles 

should be considered- maneuverahhty, robustness, complexity, adaptweness, 

size, and speed. These principles are correlated at certain levels and trade-

offs will need to be made among them. 

Maneuverability: As the structure of a tree is complex in terms of geome-
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try, reaching a wide range of positions requires high maneuverability. How-

ever, simplified artificial locomotion methods always provide limited degrees 

of freedom and hence restrict the climbing space to straight tree trunks. A 

locomotion method with higher maneuverability must be devised if the robot 

is to be applied to a wide range of climbing workspaces. However, mechanical 

designs with a higher maneuverability are always results in higher complex-

ity. 

Robustness: Robustness in this case means the ability to hold on a tree 

without falling off. It is related to the payload requirement, fastening meth-

ods, and locomotion methods, as some locomotion will generate extra dy-

namic force for which the fastening method cannot compensate. For exam-

ple, making the center of mass of a robot higher than the branches on which 

it is to climb will increase the tendency of the robot to topple sideways or 

pitch backwards [47,49:. 

Complexity: Mechanical and control complexity are important considera-

tions. If a robot is mechanically complex, then it is likely to be larger and 

heavier. Complex controls reduce the robustness of a robot, and failure is 

more likely to occur. 

Adaptability: Arboreal habitats are varied. A fastening method and size 

should thus be selected that can adapt to a range of expected workspaces 

(mainly determined by the diameter of branches). 

Size: A small size provides many advantages, such as a lower center of mass 

and the ability to climb along smaller branches and in narrow spaces. 

Speed: Fast climbing is preferred in many applications. Nonetheless, a faster 

speed will always reduce the robustness of a robot. 



2.4 Ranking of the Tree Climbing Principles 

Table 2.3 ranks the natural and artificial climbing principles reviewed in the 

previous section based on these six design principles. This will help with 

the selection of the most appropriate ciimbing principle in designing a tree-

climbing robot. The details of the ranking are explained as follow. 

Maneuverability 

For the existing extend-contract and wheel-driven methods, only one di-

rection can be achieve, so the ranking is lowest. It is known that the more the 

DOF of a robot, the higher the maneuverability can be achieved. In order io 

make a fair comparison, the maneuverability is ranked according the number 

of actuators required to achieve the same maneuverability. The ranks can 

be referred to the complexity and hence the ranking of maneuver ability in 

descending order becomes bending, quadrupedal gait, tripod gait and wave 

form methods. 

Robustness 

In view of fastening method, robustness means the magnitude of the fas-

tening force. 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 penetration method actually interlocks with the 

tree bark with certain depth, which will break easier than a whole branch. 

Hence, the robustness of claw penetration is ranked lower than frictional 

gripping. As for the wet and dry adhesion method, they adhere on a surface 
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of tree only. It will highly affected by the dustiness of the surface. Hence the 

fastening forces by these methods are lower than the frictionai gripping and 

claw penetration. According to [60], the range of Van der Waals force and 

capillary force is about 10一n to 10"^ and 10"^ to 10"^ kgf respectively. In 

experiments, Kim [61] found that a snail the total maximum adhesive force 

is S.lmNmm—"^. Jiao [62] found that the adhesive for on insect leg (Van der 

Waals force) is 1.7 ~ 2.2mNmm~'^. As a result, the wet adhesion force should 

be larger than Van der Waals force. 

As for the maneuvering method, robustness means the magnitude of the 

dynamic force generated by the maneuvering motion. The smaller the dy-

namic force, the better the robustness can be achieved. Wave form and 

wheel-driven have the highest rank as these motions does not change the 

center of mass relative to the fastening position which is most stable. Tri-

pod gait has higher priority of quadrupedal gait because there has three 

supporting points when maneuvering in tripod gait while there are only two 

supporting points in quadrupedal gait. As for the exiend-contract method, 

although the contraction motion makes the center of mass closes to the sub-

strate which eliminates the pitch back moment, the extension motion moves 

the center of mass apart from the fastening position that will increase the 

side toppling force and pitch back moment. As for the bending motion, the 

motion of straightening the body faces the same issue of the extension mo-

tion in extend-contraci method. While when the body bends, it will make 

the center of mass out of the gripping substrate, it will increase the pitch 

back moment and side toppling force. As a result, it has the lowest rank. 



Complexity 

For the fastening method, the control of frictional gripping is simplest as 

it uses the interlock method. Putting robot limbs to the proper position can 

achieve the fastening effect. Although the claw penetration method can be 

fabricated easily, it is complex in control as the claw should put directionally 

to the substrate to generate optimal force [20]. The wet adhesion method 

requires special liquid between the object and the substrate [57]. The con-

tinuous provision of this consumable substance makes the application not 

easy to apply. In addition, by using the suction force, it is needed to remove 

the air between the pad and substrate to reduced internal pressure which is 

not easy to achieve. As for the Van der Waals force, the micro/nano meter 

scale biomimetic pad is difficult to make. Although there are a lot of works 

focusing on it such as [1] [58] [56], it is still not mature enough. The adhesive 

force will degraded with time due to dust and dirt [59]. So the rank is lowest. 

For the maneuvering method, the complexity of maneuvering is defined 

as the control effort. The wheel-driven method maneuvers by continuous 

rolling motion. 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. Two motion step is needed which is a little complex 

than wheel-driven method. The bending method also needs to control the 

bending in tlircc-dimcnsional space. It needs six control input to define the 

position and orientation in three-dimensional space. It is much more complex 

in control. In quadrupedal gait, it needs to control four limbs. In addition, 

the motion of the limbs must be synchronization when moving. In tripod 

gait, the situation is similar to quadrupedal gait, but it needs to control six 



limbs. As for the wave form generation, it is achieved by millions of muscles 

in snail. Hence it ranks the lowest. 

Adaptability 

Only the frictional gripping requires over 180 degrees gripping. Hence 

the rank is lowest. Claw gripping is only suitable for convex surface while 

wet adhesion and Van der Waals force can adhere on any shape of substrate. 

Hence the ranking of wet adhesion and Van der Waals force is the same and 

higher than claw gripping method. 

Size 

As for the fastening method, the size of robot using frictional gripping 

is similar to the size of gripping substrate, while by using the claw penetra-

tion, under half of the size can be achieve. As for the wet and dry adhesion, 

they are simply independent to the size of gripping substrate. As a result, 

the ranking of size for fastening method is same as the adaptability for the 

fastening method. 

The size of the maneuvering methods is related to the complexity of the 

mechanism. It can be quantified by the number of actuators required. The 

simpler the mechanical structure the more small size robot can be made. A 

wheel-driven method is the simplest mechanism as it maneuvers by roiling. 

One control command is enough, so the rank is highest. The extend-contract 

method is a one DOF motion which can be achieved by single actuator. As 

a result, the rank is same as wheel-driven method. The bending method 

needs to control the bending in three-dimensional space. It at least needs six 



DOF to define the position and orientation in three-dimensional space. In 

Quadrupedal gait, even each limb only has two DOF (which can be more in 

actual case), eight actuators required in total. The same concept for tripod 

gait, twelve actuators are required. As for the wave form generation, it is 

achieved by millions of muscles in snail. Hence it ranks the lowest. 

Speed 

The speed of the maneuvering method is compared by given a same size 

of robot, how far the robot can move forward by one climbing gait. Since 

wheel-driven method do not have the concept of climbing gait, it has highest 

rank. In each climbing gait, the bending, extend-contract and quadruped 

method can move same as the robot length while tripod method can only 

move forward smaller than half of the robot length. As for the wave form 

method, it even moves much smaller than half of the robot length. 

• End of chapter . 



a Novel Tree 

Climbin: 

3.1 Approach to the Robot Design 

Table 2.3 can be used as a reference to design the tree climbing robot. Refer-

ring to Chapter 1，the design principles needed to be considered with priority 

included maneuverability, adaptability, robustness, and size. 

In terms of fastening method, only claw penetration method has high 

rankings in all considered design principles. As a result, this method is 

adopted in the robot design 

In terms of locomotion, the table shows that bending methods has the 

best performance in maneuverability but the robustness is the worst. In 

order to improve the robustness, a novel form of locomotion that combines 

the bending and extend-contract locomotion is proposed. It is accomplished 

by using an novel extendable continuum manipulator, which combines the 



advantage of the high maneuverability of bending locomotion and the ro-

bustness of the artificial extend-contract locomotion. 

3.2 Structure of the Tree Climbing Robot 

Fig. 3.1 shows the overall structure of the proposed tree climbing robot "Tree-

bot". Treebot is composed of three main elements: a tree gripper, a contin-

uum body and a semi-passive joint Two grippers connect to the ends of 

the continuum body respectively, and the semi-passive joint is installed be-

tween the body and the front gripper. Several sensors are also installed for 

autonomous climbing. 

3.2.1 Tree Gripper 

The proposed gripper is designed to fasten onto a wide variety of trees with 

a wide range of sizes. There are many innovative approaches for gener-

ating adhesive force, such as vacuum suction [4, 37-39], magnetic attrac-

tion [5,6,18,35,36], elastonieric adhesive [7,41], electroadhesion [2] and fib-

rillar 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 to provide the 

fastening force for the gripper. 

The gripper is composed of four claws equally separated by 90 degrees. 

Fig. 3.2 shows the overall design of the gripper in different views. The grip-
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per should be appressed to the tree surface (the center of the gripper makes 

contact with the gripping surface and the centerline of the gripper is collinear 

with the surface) to generate maximal fastening force. Each claw is composed 

of two parts (Phalanx 1 and 2) and has surgical suture needles installed at 

the tips. The claws adopt a two-bar linkages mechanism to generate optimal 

direction of acting force. Each gripper has one linear motor that actuates all 

four claws. A pushing plate is mounted at the end of the linear motor. When 

the linear motor extends, the plate pushes all the phalanges 1 downward and 

hence makes the phalanges 2 upward. The spring on joint A is further com-

pressed and the spring on joint B is released at the same time. This motion 

pulls spines off the gripping substrate. When the linear motor contracts, the 

compressed springs on the joints generate a force thai pushes the claws back 

into the gripping substrate and at the same time the spring on joint B will 

further be compressed. Fig. 3.3 illustrates the gripping mechanism. 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 indepen-

dent, the claws can travel 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 ap-

pressed to the tree surface, and helping the claws to retract from the gripping 

substrate. The gripper allows omni-directional gripping about its principal 



Figure 3 4 Prototype of the tree gripper 

axis so that no additional orientation actuator or control is needed. Addi-

tionally, the gripper is actuated by only one motor, which makes it light, 

compact, and easy to control 

Fig. 3.4 shows the prototype of the proposed tree gripper The gripper 

is 130mm (height) x 160mm (width) x 160mm (Length) in size and weighs 

120grams It can be observed from the figure that the claws can travel in 

different angles to adapt curved surfaces 

3.2.2 Cont inuum Body 

There are many types of continimm manipulators that utilize wire-driving or 

pneumatic-driving mechanism [21-23,25,26], as shown in Fig 3 5 Most of 

them are able to bend in any direction and some of the pneumatic-driving ma-



nipulators are even able to extend to a certain extent. Most of the researches 

use the continuum structure as robot arms, but seldom researchers have real-

ized that it can also be applied to maneuvering. The continuum mechanism 

is a compliant structure, as it does not contain fixed joints [24]. Its inherent 

passive compliance is of particular benefit for maneuvering in an irregular ar-

boreal environment, as it often eliminate the need for complex force sensing 

and feedback control [19]. For climbing purposes, the manipulator should be 

compact and lightweight. There are many types of continuum manipulator, 

but none of tlicm fulfills all of these requirements. Existing continuum ma-

nipulators need to connect to large external boxes thai contain wire, drivers, 

motors, or air pumps. Although some pure wire-driven continuum manipu-

lators [25,26] have the potential to be more compact and lightweight, they 

are not extendable. Extendibility is important, as Walker [27] shows that 

the inclusion of extension ability for continuum manipulators highly extends 

the workspace. 

Due to the limitations, a novel design of continuum manipulator with 

both bendable and extendable functions is proposed as a robot's body. The 

continuum body is a type of single section continuum manipulator [17] with 

a novel mechanism. It has high degrees of freedom (DOFs) and a superior 

ability to extend that existing designs cannot achieve. This aliows the robot 

to maneuver on irregularly shaped trees. 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 [18], except that the moving motion 



Figure 3.5: Different types of continuum manipulator, (a) Immega 1995 [21 
(b) McMahan 2006 [22]; (c) Chen 2006 [23]; (d) Xu 2006 [25]; (e) David 
2 0 0 8 [ 2 6 ； 



is achieved by body extension and contraction, rather than body bending. 

As the extension and contraction maneuvering mechanisms place the center 

of mass of Treebot close to the climbing surface, a smaller pitch-back mo-

ment is produced when climbing. 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. 3.1. The compliance is useful for adapting to the 

irregular shape of trees, as it eliminates the need for complex force sensing 

and feedback control [19]. The proposed continuum manipulator is a self-

contained module with integrated actuators^ and thus no external control 

box is required. This makes the manipulator compact and lightweight. 

Fig. 3.6 shows a CAD model of the proposed continuum 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 ad-

missible degrees of freedom. However, in the proposed structure, only three 

actuators are used but three DOFs are provided. This structure provides 

the maximum DOF with the minirnum number of actuators. Fig. 3.7 shows 

the prototype and illustrates the admissible motion 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 practice, 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. Maintaining the springs at constant intervals across 

the manipulator is important to retain a uniform shape, and several passive 

spacers are installed in the middle of the manipulator for this purpose. The 

maximum distances between the spacers are constrained by wires. 

The inherent passive compliance also allows the continuum manipulator 

to be sheared along the x~ and ^-axis and twisted about z-axis by external 

force, as shown in Fig. 3.8. This passive compliance results from the bend-

able characteristics of the mechanical springs. The amount of compliance 

increases when the continuum manipulator extends. 

3.2.3 Semi-passive Joint 

To appress the gripper to a gripping surface, the gripper should have a certain 

turning ability about the y-axis and z-axis. However, the inherent compliance 

of the continuum body does not include rotational motion about the y-axis 

and only affords a limited 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 maintain the light weight of the robot, a 

semi-passive joint is developed that comprises a passive revoliite 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 



Mechanical spring 
Spacer (Tendon) 

Motor 
1 Gear as pinion 

i Spring as rack 

\ 
Tendon Driver 
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Figure 3.6: Design of the proposed continuum manipulator. 



(e) 

Figure 3.7: Prototype of the continuum body and illustration of the degrees 
of freedom: (a) contraction; (b) extension; (c) forward bending; (d) right 
bending; (e) left bending. 

(a) (b) 

Figure 3.8: Compliance of the continuum body: (a) shearing and (b) twisting. 



of actuators, thereby keeping Treebot lightweight. The joint is installed 

between the front gripper and the continuum body, and can actively lock 

and unlock. 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 axes. When the joint is locked, it actively returns to the initial 

orientation in which rotation about the y- and ^ -̂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. 3.9. Part A is connected to the gripper, Part B is 

connected to the continuum body, and Part C keeps Pari A inside Part B. 

It can be observed that the joint can freely be rotated in the y- and 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 2；-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 ^-axis must be constrained to 士60 degrees. 

At the contact surfaces of Part A and B, there is a convex and a concave 

triangle cone respectively. The convex triangle cone fits inside the concave 

triangle cone, and together the cones work as a locking system to return 

the joint to the initial orientation. The locking mechanism is illustrated in 

Fig. 3.10. 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, 



±60� 

Part A 

Convex triangle cone 

Parte 

PartB 

y 

±45° 

Concave triangle cone 

Figure 3.9: Design of the semi-passive joint. 

the wire pulls Part B close to Part A. The convex and concave triangle cones 

between the two parts then push together and force the joint to return to 

the initial orientation. 

Fig. 3.11 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 

2-axis. Fig. 3.12 also illustrates the gripper in unlocked and locked state. In 

Fig. 3.12(a), the front gripper is closed. The semi-passive joint is unlocked, 

and the front gripper is not in tlie initial orientation. When the front gripper 

is opened, the semi-passive joint is locked (Fig. 3.12(b)) and the front gripper 

returned to the initial orientation. 
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Figure 3 10 Locking mechanism of the semi-passive joint 
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Figure 3.11: Hardware prototype and the installation position of the semi-
passive joint, (a) Initial orientation; (b) Twisted about the axis. 
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Figure 3.12: Semi-passive joint: (a) unlocked; (b) locked. 



CHAPTER 3, DEVELOPMENT OF A NOVEL TREE CLIMBING ROBOTil 

3.2.4 Sensors 

To realize the motions of Treebot and allow explore the environment, three 

types of sensors are installed: encoders, tactile sensors, and tilting sensors. 

Encoders are installed on each tendon of the driving motor to measure the 

posture of the continuum body. Four tactile sensors (colored blue in Fig. 3.1) 

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. 

In summary, 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 arc used, two 

for the motion of the grippers and three for the motion of the continuum 

body. 

3.3 Locomotion 

The locomotion of Treebot is similar to inchworms which is a kind of bipedal 

locomotion. Fig. 3.13 shows a complete climbing gait of the locomotion. It 

is composed of six climbing steps. The square colored in grey represents 

the closed gripper that attached on the substrate while the square colored 

in white represents the opened gripper that detached on the substrate. The 

order of motion in the figure represents the locomotion of moving forward. 

The locomotion of moving backward is just in reverse order. 

Treebot is able to change a moving direction in three-dimensional space 

by bending the continuum manipulator. It allows Treebot to climb along a 



Figure 3.13: A complete climbing gait of Treebot (moving forward). 
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Figure 3.14: Motions to avoid an obstacle. 

curved shape of tree or avoid obstacles such as non-passing through branches. 

This ability makes Treebot has high maneuverability that surpass the existing 

tree climbing robots. Fig. 3.14 shows part of climbing motions to avoid an 

obstacle on a tree. Treebot can first adjust the direction of the rear gripper 

and then climb along this direction to avoid the obstacle. This method is 

also applicable for turning to another side on a branch or selecting a branch 

to climb. 



3.4 Hardware Prototype 

Fig. 3.15 and Fig. 3.16 show the prototypes of Treebot. The first proto-

type named Treebot is a remote-control robot with no sensor installed. It 

is used to verify the mechanical design by human control. The components 

are mainly made of polyoxymethylene plastic and aluminum alloy to keep 

the robot lightweight, and the springs on the continuum body are made of 

steel. The prototype weighs only 600 grams, which is very light compared 

with other types of tree climbing robot. It is able to extend by a maximum 

of 330 mm, and has a climbing speed of 22.4 cm/min. 

The second prototype, TVeebot-Auto, is designed to implement the au-

tonomous climbing strategy, and is equipped with several sensors. Several 

performances 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 3.1. 

3.5 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 actuators 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 
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Figure 3.15: First prototype - Treebot. 
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Figure 3.16: Second prototype - Treebot-Auto. 
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Table 3.1: Specifications of Treebot 
Parameters Treebot Treebot-Auto 

Weight GOOgrams 650grams 
Height 135mm 135mm 
Width 175mm 175mm 
Length (minimum) 325mm 370mm 
Length of extension 340mm 220mm 
Maximal bending curvature l/30mm-1 l/3(3mm-i 
Power source NiMli 4.8V lOOOmAh LiPo 7.4V SOOmAli 
Runtime 2.5 hours 3 hours 
Maximal climb-up speed 26.4ciii/min 73.3cm/mm 
Maximal inclined angle 105° 105° 
Adaptable tree diameter 64-452min 64-452mni 

surveillance. Treebot also consumes little energy when climbing, and can 

climb continuously for almost 3 hours on a LiPo two-cell 7.4V/800mAh bat-

tery, which weighs about 45 grams. 

3.6 Accessories 

Treebot is able to be equipped with several accessories, such as a camera 

and a photovoltaic module as shown in Fig. 3.17 and Fig. 3,18 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 orientation 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 several days or weeks. As Treebot is designed to work outdoors, 



Figure 3.17: Camera module. 

( 识 ‘ -J. 

Figure 3.18: Photovoltaic module. 



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. 

Both accessories are lightweight. The wireless camera weighs only 12 

grams, and the photovoltaic module just 10.9 grams. Hence, neither greatly 

affects the climbing performance. 

3.7 Control 

3.7.1 Control Archi tec ture 

The control architecture is divided into two parts: the embedded microcon-

troller in the robot itself and the ground station. Fig. 3,19 illustrates the 

control architecture and the functions of each part, and Fig. 3.20 shows the 

interface of the ground station. The control mechanism has a master-slave 

architecture. The ground station works as the master, making decisions and 

monitoring the state of Treebot. A video signal from Treebot can be dis-

played on the ground station. The user can also control Treebot manually 

through the ground station. The embedded microcontroller works as a slave 

to implement the motions commanded by the ground station. 

In robots, 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 con-

sume 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. 
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Figure 3.19: Control architecture of Treebot. 
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3.7.2 Manua l Control 

Treebot can be a remote control robot. The control input of the gripper 

is simply an on/off command to make grippers fully open or close. As for 

the control of the continuum manipulator, since it has three DOF, three 

channels of input are needed. One way is to directly input the length of each 

spring. However, ii is not an intuitive way for human manipulation. Human 

being always has 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., Sinputi î tr̂ ut 

and Ŝ nput controls the length of the continuum body, nf品侦 controls 

the magnitude of front and back bending while k,盟侦 controls the magnitude 

of left and right bending. The concept of front is defined as the direction of 

positive 2；-axis while 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: 

s Sinput 

K, = min i^^T^ut + 托二ut ，Kmax) (3.1) 

0 atan2 (k盟社” ^mfut) 

— hir f^r S, tz and (p are the where S—ut ^ [0, and Kf二, ^ 

parameters to describe the posture of the continuum body that defined in 

Chapter 5. Once the posture of the continuum manipulator is determined, 

the length of each spring can be found by (5.1). 



3.8 Experiments and Results 

Numerous experiments have been conducted to evaluate the performance of 

Treebot in various aspects, including generality, transition motion, turning 

motion, slope chmbmg and payload. 

3.8.1 General i ty 

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 steps are summarized in Table 3.2. A climbing step rep-

resents a pair of climbing motions, i.e., the front gripper grips with the con-

tinuum manipulator extended and the rear gripper grips with the continuum 

manipulator contracted. The results show that Treebot performs well on a 

wide variety of trees. It can be realized that the range of successful climbing 

diameter of tree is wide, from 20cm to 142cm. However, Treebot did fail to 

climb several species of trees, including Melaleuca quinquenervia, Cinnamo-

mum camphora, and Bambiisa 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 quinquen-

ervia and Cinnamomum camphora both have peeling bark, and although the 

gripper could grip tlicin, Treebot fell off as the bark peeled away. These ex-

perimental results indicate that Treebot performs well on trees with surfaces 

that are not particularly hard and on non-peeling bark. 



Table 3.2: Climbing performance on different species of trees 
Tree Bark texture Diameter 

(mm) 
No. of steps 
(Success/Total) 

Bomb ax 
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 
Baiihinia variegate Smooth 258 20/20 
Roystonea regia Smooth, 

shallowly fissured 
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 
qiiinquenervia 

Sheeting, soft, 
exfoliating 

446 0/5 



(a) (b) 

Figure 3.21: Branch transition 

3.8.2 Transit ion Mot ion 

(C) ( d ) 

Bauhinia blakeana. 

To verify the maneuverability of Treebot, its transition motion from 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 llSmm and the slope was about 90 degrees. Part of the 

transition motions is depicted in Fig. 3.21. It shows that Treebot successfully 

left the trunk and completely climbed on the branch. This transition motion 

takes three climbing steps under three minutes. 

3.8.3 Turning Motion 

A turning motion has also been performed to evaluate the maneuverability 

of Treebot. The experiment was carried out on a Bauhinia blakeana trunk 

with a diameter of 207mm. Fig. 3.22 depicts part of the turning motions. 

It can be seen that Treebot successfully moved from the front to the back 

of the trunk. This motion took five climbing steps and around five minutes. 



(a) (b) 

Figure 3.22: Turning motion 

(c) (d) 

,Bauhinia blakeana. 

The compliance of the gripper resulted in successful appression to the tree 

surface (Fig. 3.22(b)，(c) and (d)), allowing Treebot to perform the turning 

motion successfully. 

3.8.4 Slope Climbing 

The limitation of the slope that Treebot can climb is 105 degrees. Details 

of this limit can be found in Chapter 5. An experiment was conducted to 

examine the maximum climbing slope of Treebot. It has been implemented 

on a Bauhinia blakeana with a diameter of 172inm. The climbing angle was 

about 103 degrees. Part of the climbing motions is depicted in Fig. 3.23, 

which shows that Treebot was able to climb the slope successfully. There 

was no over slope climbing effect appeared in the experiment. 

It was also attempted to make Treebot climb a tree with a slope larger 

than its climbing limit. As shown in Fig. 3.24, Treebot tried to climb a 

Bauhinia blakeana with a diameter of 207mm and a climbing angle of about 



Figure 3.23: 103 degrees slope climbing. 

110 degrees. It can be noticed in Fig. 3.24(b) and (d) that an over-slope 

climbing effect occurred. This position cannot be adjusted as the compliance 

of Treebot as insufficiently to compensate for the outward angle. As a result, 

Treebot cannot climb up further. 

3.8.5 Payload 

As Treebot is designed to carry equipments up a tree, a payload test was 

implemented to realize the maximum payload of Treebot. The experiment 

revealed that Treebot can climb with 1.75 kg of extra weight (Fig. 3.25), 

which is almost three times its own weight. 

3.9 Performance Comparison 

Table 3.3 makes a clear comparison among Treebot and other existing tree 

climbing robots. The best performance for each item is highlighted. The "/" 



(a) (b) (c) 

Figure 3.24: 110 degrees slope climbing. 

7 

Figure 3.25: Payload test. 



sign denotes that the data are not available. By neglecting the unknown data, 

it can be seen that Treebot ranks 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 (Pruning Robot), and although 

it is slower than the fastest climber (RiSE V3), it can still ascend faster than 

the other two robots. 

3.10 Summary 

In summary, a lightweight and compact tree climbing robot, Treebot, has 

been developed. 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 able to climb 

a wide variety of trees with a high maneuverability. The range of gripping 

curvatures is also very wide. It is found that Treebot has excellent climbing 

performance on the trees with surfaces that are not very hard do not have 

peeling bark. 

• End of chapter . 
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Tree Gr ipper 

4.1 Gripping Force Analysis 

The main function of the proposed tree gripper is to attach the robot tightly 

to a tree surface. The gripper must generate sufficient pull-in force to com-

pensate for the pitch-back moment that results from the action of gravity. 

The gripping force of the gripper is generated by the penetration of spines 

into a tree surface. 

The gripping position can be divided into two parts: the inner half 

(smaller than 180 degrees gripping) and the outer half (more than 180 degrees 

gripping), as illustrated in Fig. 4.1. The figure also illustrates the simplified 

gripper model and its parameters. When the claws are long enough to grip 

the outer half, then a large gripping force can easily be achieved, as just 

maintaining the claw position is enough to lock the gripper onto the sub-

strate (a force-ciosure grasp). However, if the gripper is to be compact, then 

the claws cannot be made sufficiently long to always be able to grip the outer 



Revolute joint w 

Gripping 
surface 

\ 

Gripper 

< C l a w 

Figure 4.1: Representation of the gripping position. 

half of the substrate when the size of tree is large. In such cases, the gripper 

must generate an adhesive force to avoid being pulled out by the pitch-back 

moment. The gripper settings must thus be optimized to maximize the fas-

tening force when gripping the inner half of the substrate only. 

4.1.1 Genera t ion of the Gripping Force 

According to [20], 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 

of the spine and the direction of the 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 in a cylindrical shape with a radius 

of r, as shown in Fig. 4.2(a). When a claw penetrates the substrate at a 

certain orientation (cr), the gripping curvature becomes an ellipse. Fig. 4.2(c) 



shows the notations for the gripping curvature and the gripper parameters. 

6s is the spine installation angle and 6c is the the gripping angle of the claw. 

To find the spine insert angle, the coordinates of the contact point in a 

x' — y' frame y[) must first be found. This can be aciiieved 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: 

五:S + S 二 1 (4.1) 

+ = (4.2) 

where h^ = r/cos cr, Xc = w, Uc = r + h and r�== Lc-

Once the intersection point has been found, the spine direction vector 

(i/J can be determined from the following equation according to Fig. 4.3: 

守s = � — sin Osd, cos Osd) (4.3) 

where Osd = - = n ~ da - 9b, 9a = tan—!(竿)，cos 06 = 

and L^ = + 

To transform the coordinates from the — y' frame to the x — y — z 

frame, a rotation matrix about the y-axis [Roty{cf)) is used. The definition 

of the rotation matrix Rot^{9) can be found in Appendix A.l. The spine 

direction vector Vs and the coordinates of intersection [ ^̂  ŷ  J in the 

X — y — z frame become: 
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Figure 4.2: Notations for the gripping curvature and gripper parameters. 
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Figure 4.3: Notations for defining the spine direction vector. 

工 i Vi 

Vs = Roty(a)if, 
T 

二 Rotyijj�� Xi, Vi' 0 
T 

(4.4) 

(4.5) 

As the gripping substrate is assumed to be a perfect cylinder, the normal 

vector of the intersection point becomes: 

Vi Vi (4.6) 

Referring to Fig. 4.2, the spine insert angle i.e., the angle between v, 

and Vi can be obtained from: 

Oi = cos一 1 ( - V i • Vs (4.7) 

As shown in Fig. 4.2(b), the direction of the adhesive force {pad) is equiv-

alent to Vi, and the direction of the shear force (vsh) can be found by: 



Vsh = ViXVs XVi 

The total force generated by spine penetration is then: 

F 二 fad节ad + fslJhh 

(4.8) 

(4.9) 

where fad and fsh are the magnitude of the adhesive force and shear force 

respectively. 

According to tlie experimental results of [20j, the relationships among 

the spine insert angle, adhesive force, and shear force can be approximated 

as Fig. 4.4. The pull-in force to compensate for the pitch-back moment is 

contributed by the adhesive force and shear force of the spine along the pr-

axis, i.e., Fz where F = ^X Fz 

4.1.2 Selection of t h e Spine Instal lat ion Angle 

To generate maximal pull-in force, the spine installation angle {9s) must be 

optimized. As the gripper is designed for omni-directional gripping about its 

principal axis, the gripping force in different gripping orientations must be 

considered. As the claws are symmetrical in both the x- and y-axis, the three 

gripping orientations shown in Fig. 4.5 are equivalent to sixteen gripping ori-

entations. The optimization focuses on these three gripping orientations. 

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 

cr = 0, I = cTq, cjf,, cjc, ad, cFq where gripping orientation 1 is composed 

of 2f7a + 2cre； gripping orientation 2 is composed of 4<jc； and gripping orient a-
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Figure 4.4: Relationships among the spine insert angle, adhesive force, and 
shear force [20]. 
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a = 0 a = 71/8 a = 71/4 

Figure 4.6: Relationships among the spine insert angle in radians (y-axis), 
the curvature of the gripping surface in m_i (x-axis), and the normalized 
pull-in force (gradient) for different claw directions. 

tion 3 is composed of 2ab + 2ad- Fig. 4.6 shows the relationships among the 

spine installation angle, curvature of gripping surface and pull-in force (F ,̂ 

i = a, b, c, d, e), for different claw directions with the gripper parameters: w 

= 2 0 mm, Lc = 100 mm, /i 二 25 mm and the range of tree radius: 64.5354 

mm < r < 500 mm (the minimum target radius is the radius at which the 

gripper can at only grip the inner-half of the substrate), with different claw 

directions are shown in Fig. 4.6. 

The total gripping force generated with the different gripping orienta-

tions can be obtained by summing the results in Fig. 4.6 according to the 

combination of claw directions. To help determine the optimal spine installa-
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Figure 4.7: Average, maximum and minimum normalized pull-in force of the 
gripper (y-axis) for different spine installation angles in radians (ir-axis). 

tion angle, the average, maximum and minimum pull-in force of the gripper 

for different spine installation angles and gripping orientations are found out 

as illustrated in Fig. 4.7. Fig. 4.7(d) also shows the average force generated 

by three gripping orientations. 

Fig. 4.7(a), (b) and (c) show no obvious difference in the average pull-in 

forces. This means that the gripping force is similar for different gripping 

orientations. The optimal spine installation angle can be determined by refer-

ring to Fig. 4.7(d). When Os = 0.7 rad, the minimal pull-in force is greatest, 

and the average force is relatively large. This is thus chosen as the spine 
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Figure 4.8: Optimized pull-in force of the gripper for different gripping cur-
vatures. 

installation angle. Fig. 4.8 shows the normalized pull-in force generated by 

the gripper for different gripping curvatures when 9s =0.7 rad. Referring 

to Fig. 4.7(a), (b) and (c), the gripping orientation 3 generates the largest 

pull-in force by this optimal setting. Gripping orientation 3 is thus used as 

the default setting for Treebot. 

4.1.3 Generat ion of the Directional Pene t ra t ion Force 

In [20], it is assumed that the 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 directional force usually requires two actuators. RiSE V2 [15], 

for example, uses two active joints to accomplish this task. One actuator 

provides a pushing force toward a surface, and the other pulls the spine 

toward the central axis of the robot body. Wile [42] proposed a mechanism 

that provides the desired directional force using one actuator to make the 
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Figure 4.9: Notations for the mechanism of the claw. 

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. 4.9. Li denotes the length of link AB (Phalanx 1), and 

1/2 denotes the length of link BC (Phalanx 2). Link AC is the simplified claw 

introduced in Fig. 4.3. 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 ti and T2 respectively. 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. 4.10. It is assumed that in this position, point C 

penetrates the substrate. Hence, it can be assumed that points A and C 

are fixed revolute joints. The free body diagrams of links AB and BC are 

constructed as shown in Fig. 4.10(b) and (c). 

From Fig. 4.10(b), the equilibrium equations can be divided as: 
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Figure 4.10: Free body diagrams of links AB and BC. 

Co； + 63； = 0 

Cy + by = 0 

T2 — CyI/2 = 0 

(4.10) 

(4.11) 

(4.12) 

From Fig. 4.10(c), the equilibrium equations can be divided as: 

ax + bx = 0 

ay + by = 0 

n —72 + Li {byCos92 — b^sin92) — 0 

(4.13) 

(4.14) 

(4.15) 



CHAPTER 4. ANALYSIS OF THE TREE GRIPPER 

Sub. (4.10), (4.11), and (4.12) into (4.15): 

T2 - Ti + cos 62 
Li sin 62 

Divide (4.12) by (4.16): 

C7, Ln sin Oo 

(4.16) 

L2 + 
(4.17) 

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

angle, that is, 

tan (乙 ACB —凡 ) = ’ 二 ,她没？__ 
Cz L2 ( 1 - ^ + 

J
 +

 
1
 

I

I
 

n
l
 

I
T
 T2 L 

. . sin 
cos 02 — tm{/.ACB -0, (4.18) 

With the gripper parameters: Lj = 20 mm, L2 = 85 mm, the torque 

ratio between joints A and B (n/T2) should be around 1.436 to generate the 

appropriate angle of pushing force. 

4.2 Experiments and Results 

Various experiments were implemented on a variety of trees to evaluate the 

performance of the omni-directional tree gripper. In the experiments, the 

gripper first gripped the 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 



(f) 
Figure 4 IT Experiments on different types of trees: (a) Roystonea regia; 
(b) Cinnamomum camphora; (c) Taxodium distichum; (d) Eucalyptus citri-
odora; (e) Khaya senegalensis; (f) Bauliinia variegata var. Candida. 

pull-out force was limited to 40N to avoid breaking the gripper. Eighteen 

types of trees with different surface curvatures were tested. Fig. 4.11 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 4.1. In the table, 01, 02, and 03 represent gripping orientations 

1, 2, and 3 introduced in Fig. 4.5, respectively. The curvature of tree (C) is 

obtained by: 

where D is the diameter of tree. Table 4 1 shows that on the fiist 

ten types of trees (No. 1-10), the performance was excellent. The gripper 

was able to generate over 40N of pull-in force in any gripping orientation. 

However, the results also reveal that the gripper does not work well on some 

f
c
i
 J
 



Table 4.1: Maximum pull-in force on different species of trees 

No. Trees Bark texture Curvature 

(爪—” 

Pull-in force (N) 
No. Trees Bark texture Curvature 

(爪—” 
0 1 02 0 3 

1 Bombax maiabar-
icum 

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 vimi-

nalis 
Ridged and 
Piirrowed 

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 Araiicaria hetero-

phylla 
Banded 7.2 >40 >40 >40 

9 Bauhinia blakeana Smooth 6.7 >40 >40 >40 

10 Roystonea regia 
Smooth, 
shallowly 
fissured 

6.2 >40 >40 >40 
10 Roystonea regia 

Smooth, 
shallowly 
fissured 

4.8 15 15 20 

11 Taxodiiim distichum 
Fibrous, 
exfoliating 

11.2 29 30 30 
11 Taxodiiim distichum 

Fibrous, 
exfoliating 

6.0 12 10 10 
12 Casuarina equiseti-

folia 
Slightly 
exfoliating 

6.9 11 13 12 

13 Cinnamomum c am-
phora 

Ridged and 
furrowed, 
exfoliating 

5.2 20 12 5 

14 Khaya senegalensis Blocky, 
exfoliating 

4.0 10 10 10 

15 Melaleuca quin-
quenervia 

Sheeting, soft, 
exfoliating 

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 citri-
odora 

Smooth, soft 4.1 18 16 20 



types of trees, and particularly those with bark that peels off easily. In such 

cases, when a large pull-out force was applied, the gripper was pulled out 

as the bark peeled off (No. 11-15). Further, for soft trees the pull-out force 

broke the bark (No. 16-18). 

The experimental results indicate that on most of the trees, the maximum 

pull-in force of the gripper in all gripping orientations is similar, and matches 

the analytical results reported in Section 4.1. 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. 4.11(b)). Gripping 

orientation 1 is better in this scenario, as it creates a pair of claws oriented 

perpendicular to the vertical groove, which allows 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 6.2 surface curvature is larger than that with a 4.8 surface 

curvature. However, the result for tree No. 11 does not match the analytical 

result (Fig. 4.8). This is because the tree with a 6.0 surface curvature 

was older, and its bark will be peeled off easily , whereas the tree with a 11.2 

m—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 gripping orientation 3 generates the largest pull-in force, 

which matches the analytical results. 



4.3 Summary 

In summary, the mechanism of the tree gripper is discussed. The optimization 

of the gripper in terms of torque distribution and spine installation angle to 

provide a large gripping force over a wide range of curvatures is presented. 

Numerous experiments have been carried out. The experimental 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. 

• End of chapter . 



Kinematics and Workspace 

5.1 Kinematic Analysis 

Fig. 5,1 shows the configuration of Treebot. If and represent the distance 

from the end of the continuum body to the center of the front and rear grip-

per respectively, hg denotes the distance between the base of the gripper and 

the continuum body. The reference frames for the front and rear grippers 

arc also illustrated in the figure. The direction of a gripper refers to the 

direction along the positive axis, where a normal direction refers to the 

direction toward the positive rc-axis. 

Jones [17] developed a kinematic model of a continuum type manipula-

tor. It formulates the mapping between the posture (5, <p) and the input 

coordinates (kMM)- S�/c, and (j) denote the length, curvature, and bending 

direction of the virtual tendon, respectively. The virtual tendon represents 
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Figure 5.1： Configuration of Treebot. 
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the centerline of the continuum manipulator, k denotes the length of each 

tendon, and d is the distance between the tendons and the virtual tendon. 

Fig. 5.2 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. 

According to Jones [17], the forward and inverse kinematics in our conven-

tion can be defined as: 

Inverse Kinematics (/i, I2, h) <r- f {S, /c, cj)): 

h I d n cos (j) 

k 1 — nd sin (tt/G — (j)) (5.1) 

k 1 — tvd sin (7r/6 + (f)) 

Forward Kinematics {S, ac, (j)) f- / (Z] 

S h+h+h 
3 

K zzz nVh^+h^+h^-hh-hh-hh 
乙 d{lt+h+h) 

_ cot-1(— 

(5.2) 

In addition, K, = l/r and S = r9. 

The mapping between the positions coordinates and the posture of Tree-

bot should also be formulated. To formulate the kinematics of Treebot, If 

and Ir must be considered. As a result, the kinematics of Treebot is devel-

oped by extending (5.1) and (5.2). 

In view of the rear gripper frame as shown in Fig. 5.3(a), the mapping 
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Figure 5.2: Notations for defining the position and parameters of the contin-
uum manipulator. 



between the end point (front gripper) and the posture of Treebot are formu-

lated as, 

r工/ ( i l l —COS {kS)] + // sin {k,S)) COS (j) 

� 
二 ( M l —cos (kS)] + Z/ sin {k,S)) sin (j) (5.3) 

1 
K sin (nS) + If cos {k,S) + It 

S 

K, 

0 

T-Xf 
r免2斤rs卜1尸 

i J 

(5.4) 

where ^Xf = â；/ cos0 + ^y/ sin 4> and Ẑf = Ẑf — Ir. 

In view of the front gripper frame as shown in Fig. 5.3(b), the mapping 

between the end point (rear gripper) and the posture of Treebot are formu-

lated as, 

{^XrJVr/z^) —/(5>，0): 

f jC-p a 1 — cos (aviS)] + Ir sin (f^S)) cos cj) 

fyr = ( i 1 — cos {f^S)] + Ir sin {k,S)) sin0 (5.5) 

fZr _ - ( i sin {kS) + Ir cos {kS) + I f ) 
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Figuie 5.3: Notations foi defining the kinematics of Treebot. 



{S, (/)) f {-^Xr,〜r、^Zr)： 

s 

tv 

<p 

^tan" 

fxl+Szl-l；^ 

tan-

(5.6) 

where ^Xr = ^Xj. cos (f) + ^i/r sin cf) and ^Zr = —^Zr — I f . 

On top of that, the vector transformation between the front and rear 

gripper frame can be achieved by: 

fv = Rot, (0) Roty {-e) Rot, {-(f)) ''v 

〒=Rot, {(f)) Roty (e) Rot, {-(f))^v 

(5.7) 

(5.8) 

In the notations, the superscripts r and f denote the front and rear 

gripper frame respectively. 

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

5.2 Workspace Analysis 

By using the proposed continuum mechanism, Treebot is able to reach any 

position in 3D space theoretically. Fig. 5.4 illustrates some of the reachable 

positions of the continuum body. Tlie arrows (green) in the figure represent 

the initial direction of the front gripper. However, the workspace of the 

continuum body is not equivalent to the climbing workspace of Treebot as 

the gripper works directionally. In addition, the physical constraints of the 
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Figure 5.4: Workspace of the continuum body. 

continuum body must be considered. 

5.2.1 Physical Const ra in ts 

Maximum length of extension 

In theory, the tendon-driving mechanism can extend infinitely. In practice, 

it is impossible to have a tendon of an infinite length. The length of tendons 

is thus restricted in certain length. 

Maximum bending curvature 

Bending the tendon to a greater curvature requires a larger bending force. 

The limit of this force is determined by the power of the tendon-driving 

motor. It is assumed that the tendon driving-motors have same maximum 

torque and that each tendon is identical. Hence, the maximum bending 



curvature of Treebot is assumed to be a constant. 

Maximum climbing slope 

As the additional revolute joint is a passive joint, the maximum climbing 

slope is determined by the location of the center of mass. Fig. 5.5(a) illus-

trates the relationship between the location of the center of mass and the 

limit of the climbing slope. If tlie 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. 5.5(b). In this case, bending the body can make the rear 

gripper contact the surface, but there is no method for arranging the bottom 

gripper normal to the tree surface, as shown in Fig. 5.5(c). If the climbing 

slope does not exceed the limit by too much, then the rear gripper may still 

be able to grip the tree surface and provide sufficient gripping force, as some 

tolerance of gripping direction is allowed. Hence, Treebot may still be able to 

climb continuously if the front gripper is sufficiently flexible to be appressed 

to the gripping surface. 

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 

2r-axis is ±7r/3 and ±7r/6 respectively. As a result, the workspace of the 

gripper is a spherical surface, as illustrated in Fig. 5.6. 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. 
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Figure 5.6: Workspace of the gripper at each reachable position. 
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Figure 5.5: Relationship between the location of the center of mass and the 
climbing slope. 
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5.2.2 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 no external force is 

acting on the robot, and that its weight is negligible.The compliance effect 

can thus be neglected. To ensure that the gripper can attach to the tree at 

the target position, certain physical constraints 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. 

In reality, the posture of the continuum manipulator may not exactly 

equal to the analytical result as shown in Fig. 5.4 due to the gravitational 

force. As mentioned in Chapter 3，the continuum manipulator can be de-

formed by external force due to the inherent passive compliance. The mag-

nitude of deformation is inversely proportional to the rigidity of the springs 

and proportional to the weight of Treebot. 

Required angle of twist 

By giving a shape of tree and the position and orientation of the rear 

gripper {6rx and Qry)�t,he angle of twist required to place the front grip-

per appressed on the tree surface at the target position can be determined. 

Fig. 5.7 illustrates the parameters and coordinate relationship between Tree-

bot and a model of tree. 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 Street bending direction 於tree) and bending curvature Ktree are used 

to represent the shape of tree. In that, Stree, 4>treê  and Ktree represents the 

shape of the centerline of the tree model (similar to the virtual tendon). The 

target position of tlie front gripper is defined by tlie angle of change 9t and 

the length of the centerline St for the target position. The distance between 

the continimin body and the tree surface is defined as hg. The center of 

the rear gripper is located at the origin of the reference frame of the tree 

{^x — Ty — T^y According to 5.3 and 5.8, the coordinates Pt and the normal 

vector Ht of the target position can be obtained by: 

Tfit = -Rot^ (^(fhree) Roty (0tree) Rot^ {-^ti 

COS 9T 

sin 9t 

0 

(5,9) 

^tree 

1 — COS OTREE] COS (})切 

[1 一 COS dtree] SIN (f)^ 

sin Otree 

+ {hg + Rtr T — 
-rit 

(5.10) 

where Otree = l^treeSt-

The target position and normal vector can be transformed to the rear 

gripper frame {̂ x — — '̂ z) by 

，Pt = Roty i-Ory) Rot, i-Ora：) TPt 

% = Roty {-&ry) Rotx {-Orx) 

(5.11) 

(5.12) 



where d̂ x and Ory denote the angles between the tree and the rear gripper 

frame, as illustrated in Fig. 5.7. 

According to 5.7, the normal vector for the front gripper frame can be 

determined by: 

^fit 二 Rot, {<Pb) Roty (-kbSb) Rot,(—如）Tfit (5.13) 

where Sb, ^b, and 小已 are the length, bending curvature and direction of 

bend of the continuum body. 

Finally, the angle of twist about and -^z-axis to appress the front 

gripper to the target surface can be determined by: 

0twwt-y = tan—1 {^n^J^n^J^ (5.14) 

where f n ^ : 

i component value in a vector 
S j v ^^t.y •^-z 

dtwzst̂  = tan—1 (5.15) 

The subscript i (i G x, y, z) denotes the 

Admissible target position 

The admissible gripping positions can be determined by considering ail of the 

necessary constraints. Fig. 5.8 illustrates the admissible gripping positions of 

the front gripper on a straight tree for different directions of the rear gripper. 

In the figures, the arrow at the bottom (red) denotes the direction of the rear 

gripper. The inner circle (blue) illustrates the circumference of the tree. The 

dots (blue) are the admissible positions of the front gripper with the small 
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Figure 5.7: Relationship between Treebot and the tree model. 
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Figure 5.8: Admissible gripping positions of the front gripper for different 
directions of the rear gripper. 

arrow (green) denoting the direction of the front gripper. This information is 

useful for determining the motion of Treebot. It can be observed in the figure 

that when Oj-x increases, the admissible angle of change increases accordingly. 

• End of chapter . 
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The goal of developing of Treebot is to assist or replace human being in 

performing forestry tasks on trees. A certain level of autonomous climbing 

ability of Treebot is helpful to reduce the complexity of manipulation by 

users. An autonomous climbing strategy for Treebot is thus proposed. To 

determine the motions to climb up autonomously in an unknown environ-

ment, a robot must be equipped with sensors that can explore the environ-

ment. Vision-based sensors provide rich information about the environment. 

However, they require a great deal of computational power. Moreover, light 

conditions vary in outdoor environments, which may affect the accuracy of 

visual information. There are many living creatures that do not rely on visual 

information, but can navigate well in their natural environment. Inchworms, 

for example, navigate on trees by using only their sense of touch. Although 

the information obtained by tactile sensors is not rich, it is reliable. Fur-

thermore, the processing of tactile information is much simpler than that of 

visual information. Inspired by arboreal animals, an algorithm is developed 

1
 

9
 



to allow Treebot to climb irregularly shaped trees autonomously by using 

tactile sensors and a tilting sensor only. The development of the algorithm 

can also reveal how tactile sensors can best be employed in autonomous tree 

climbing. 

The remainder of this chapter is organized as follows. Section 6.1 in-

troduces the structure of the proposed autonomous climbing strategy. Sec-

tion 6.2 proposes a tree shape approximation method. In Section 6.3, the 

motion planning strategy is discussed. The experimental results are pre-

sented in Section 6.4. Finally, a summary is provided in Section 6.5. 

6.1 Autonomous Climbing Strategy 

Robots may topple sideways when climbing on an inclined tree. The optimal 

climbing position to avoid this tendency is above the centerline of the tree, 

so thai gravitational force acts on the robot to direct it to the centerline of 

tree. [46]. In the following text, "upper apex" is used to describe this optimal 

position. The autonomous climbing algorithm aims to make Treebot climb 

a tree along the optimal path. The procedure for the autonomous climbing 

motion is shown in Fig. 6.1. It is assumed that Treebot is already attached to 

the 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 cycle. By 

repeating the climbing gait cycle, Treebot can climb a tree along the optimal 

path. The following sections discuss this procedure in detail. 



Figure 6.1: Flow chart of the autonomous climbing strategy. 



6.2 Tree Shape Approximation 

The concept of tree shape modeling is mentioned in Chapter 5. This section 

discusses the method used to approximate the values of the model parame-

ters from information provided by the tactile sensors. Treebot explores the 

shape of a tree by tentacles attached to the front gripper, and uses the explo-

ration data to approximate the shape of the tree. The exploring motion of 

Treebot is based on the proposed an exploring strategy. Approximating 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 us-

ing information from tactile sensors. Okamura and Cutkosky [44] proposed a 

method for extracting the local features of a surface. Jia and Tian [43] recon-

structed the unknown local curved surface by using one-dimensional tactile 

data. Schopfer [45] used a 2D pressure array to reconstruct the unknown 

shape of an object. All of these methods can successfully reconstruct the un-

known shape of an object. Here, as the geometry of a branch is assumed to be 

a curved cylinder, an efficient reconstruction schome can be developed based 

on a known geometric model to speed up the exploration and reconstruction 

processes. 

6.2.1 Exploring Stra tegy 

The proposed exploring strategy aims to trace a growing path of a tree using 

the front gripper, which is similar to the feature-tracing method presented 

in [44]. The trajectory of the front gripper can then be used to reconstruct 



Table 6.1: 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 

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 6.1. 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. The forward and left directions are 

defined as the positive x'̂  and directions, respectively. 

In the exploring strategy, the front gripper approaches and leaves the 

tree surface repeatedly. When the front gripper leaves the growing 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 growing path of the tree. 

Once a tentacle is triggered, the Cartesian coordinates of the front gripper 

are recorded, which can be found by (5.3). During the exploring motion, the 

semi-passive joint is locked to make (5.3) applicable. As only one tactile 

sensor is installed 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 necessarily 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 that both the left and right 

tentacles are triggered at the same time, or the average position of the points 

at which the left and right tactile sensors are triggered alternatively. 

6.2.2 Arc F i t t ing 

As the shape of a tree is approximated as a perfect cylinder with a uniform 

bend, the data acquired from exploration are fitted with a 3D arc to help 

reconstruct the shape of the tree. It is assumed 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 2;-axis (rotatino 

about the 之-axis of —Ô  and then rotate about the y-axis of —Qy), 

Plane fitting 

To simplify the 3D arc fitting problem into 2D, the data are fitted onto a 

plane, as illustrated in Fig. 6.2(a). This is accomplished by determining the 

optimal angle of rotation about the z-axis 9於1腿 to minimize the x component 

value of the transformed data. Let [rr̂ , y” Zt\ be the transformed points, 9piane 

can than be obtained by minimizing: 

工I cos Oplane — ？A sill O—e (6,1) 



By using the least square method and considering all of the points: 

E； {Xi c o s Opiane — Vi Sm Opianef = 0 

玲 t a n Opiane 2 (6.2) 

where o = 吃 

Hence, 

0plane ” tail 
2 y 

(6.3) 

2D arc fi t t ing 

When the fitted plane has been obtained, the data are converted into 2D by 

projection onto the plane. Then, referring to Fig. 6.2(b), the center of the 

approximated arc {yc, Zc), the curvature of the bend and the angle of 

the aicOarc can be found by using a 2D arc fitting method. Let the number 

of points be 77. Let [y”, z”) be the end point, (j/c, ^c) and r be the center and 

radius of the approximated arc respectively. 

To cross the start and end points, the approximated arc should fulfill the 

following equations: 

+ = r^ (6.4) 

[Vd — Vcf + (̂ Tj — Zcf = r^ (6.5) 

Combining (6.4) and (6.5): 

2；。二 a — bye ( 6 . 6 ) 



Last 
point 

First 
point 

points 

y 

plane 
z 

X 
— 

� 

plane 

(YcZC) 

N^̂ arc 

0arc 

J points 

T 02D 

(b) 

Figure 6.2: Notations for the arc fitting, (a) 3D plane fitting, (b) 2D arc 
fitting. 

where a ~ ("” + 之”）and 5 = 
/ • Z j j Z t j 

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

Si = ivi — ycf + [zi — Zc �2 „2 (6.7) 

Sub. (6.4) into (6.6): 

67' — I Xo — Xr + (Zi - Zcf ~ (Vc^ + 

= — { V i ^ + Zi^) - ^yiVc — 2ziZc (6.8) 

Sub. (6.6) into (6.8): 

Ci = ~~ (讲2 + Zi'^) — 2zia + 2zibyc — 议。 

= m i + TiiUc (6.9) 



where m^ = — {ŷ  + Zi ) — and 71̂  = 2 (bẑ ^ — y^). 

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

e
 

A
叙
 

E
 

d 
= f + njcf = 0 

Y j j h 
今 V c (6.10) 

Sub. (6.10) into (6.6); 

2； = a + & E
E
 

(6.11) 

In summary, the parameters of the fitted arc can be obtained by: 

2
c
 

似

 
g
 

』
 

-/vyTT^^ 
= 2 c o s " ^ (t/c^c 

(6.12) 

(6.13) 

(6.14) 

where m, (y? + 2；,2) — 2az” Th == 2bzt — 2y” a = and b = Vm/z, 

Finally, the tangent vector Vg and the bending direction Ĵbend (toward the 

center of the bend) of the arc at the starting point in the rear gripper frame 



can be determined by: 

Vg = Rotz (dz) Roty {9y) Rotz {-0plane) 

右bend = Rotz i&z) Roty {9y) Rot^ {-0plane] 

0 

cos 620 

sin O2D 

0 

一 sin 620 

cos O2D 

(6.15) 

( 6 . 1 6 ) 

where O2D = tan~i J + sign (y。）f-

6.2.3 Tree Shape Reconst ruct ion 

To approximate the parameters of the tree model, the fitted arc is trans-

formed into the tree frame, that is, to transform the tangent vector of the 

arc on the ^2;-axis: 

T如=Rot^ (民oO Roty {Ory) vs (6.17) 

T 
右bend = Rot冗 i^rx) Roty {Ory)节bend ( 6 . 1 8 ) 

where Bry 二 sin—i (^v SjcJ，^rx - t a n - i ^ , 

T — 
Vs = 

and T刃 

Tvg—y 

bend T T T 
'^bendjx ” bend-y ” bencLz 

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

tan' 
n i 

^bendjy 
V� 

(6.19) 

bendjx 
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Figure 6.3: Tree shape approximation by the fitted arc. 

According to Fig. 6.3, by giving the radius of a tree Rtree, the values of 

the parameters of the tree model, i.e., (̂ tree, î tree and Stree can be determined 

as: 

0tree = (f>arc (6.20) 

= 1/(l//^arc 一 Qt^q + Rtree) COS (f)fr 

Stree ~ ^arc/^tree 

(6.21) 

(6.22) 

6.2.4 Tree Radius Approximat ion 

The data from the exploring motion can be used to approximate the shape 

of tree but not the radius of tree. Hence, two methods are proposed to ap-

proximate the radius. 

The first method is based on the unsuccessful placement of the front grip-



per in the target position, as this indicates that the actual radius of the tree 

must be smaller than the approximated radius. The approximated radius of 

the tree is then reduced by a certain value, and then the maximum angle of 

change is recalculated. This trial process is repeated until the front gripper 

is successfully placed in the target position. 

The second method for approximating the radius of a tree is involves 

comparing the angle of change to the upper apex (Oophmai) for different posi-

tions of the front gripper. The details of the procedure for finding the angle 

of change to the upper apex of the tree will be discussed in Section 6.3. As 

obtaining 0optimal does not required the radius of the tree to be known, the 

new approximated radius of the tree R[ree can be obtained by: 

Rtree ~ ^tree {^optimal/^ optimal！ (6.23) 

where ôpumai is the difference between ffoptmai obtained by two different 

positions of the front gripper and Rtree is the last approximated radius of the 

tree. Distinct from the first method, this method updates the information of 

the radius of the tree at every climbing gait cycle. However, the application 

of this method is not feasible when the inclined angle of tree is 7r/2, because 

in this state the slope in any position is minimum. In such case, the radius 

of tree can be approximated by using the first method. 



6.3 Motion Planning 

6.3.1 Angle of Change to t he U p p e r Apex 

To find the upper apex of a tree, the direction of gravity must first be estab-

lished. The gravity vector can be obtained from the tilting sensor attached 

to the front gripper. 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 5. Once the tree shape has 

been approximated, the transformation relationship between the rear gripper 

frame and the tree frame {$rr and Ory)ca,n. be obtained. Hence, the gravity 

vector can be represented in the coordinate frame of the end of the approx-

imated tree shape as illustrated in Fig. 6.4. The angle of change required 

to reach the upper apex f)optimal is equivalent to the angle of rotation about 

required to make the gravity vector 节gravity lies on the t^z — "^^x 

plane with a positive x component, i.e., 

@ optimal —七 an 1 iy gramtyjy / W gramty-x) (6.24) 

where Vgravity = '^gravity-x Ugravity jy "^gravity^z 

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

^inchne = sin"^ {\Vgravzty.z\) € [0, 7r/2] (6.25) 



Position of the 
front gripper 

(b) 
Figure 6.4: The concept of finding an optimal angle of change. 



6.3.2 Mot ion P lanning Stra tegy 

The optimal solution for making Treebot follow the optimal path is to place 

the front gripper on and at the same time set the direction of the gripper 

parallel to the optimal path. As Treebot is a nonholonomic system [28] that 

the direction of the gripper and the position of the gripper are coupled, it 

is impossible to achieve this solution in one gait cycle. However, it can be 

achieved in two climbing gaits cycles. In the first climbing gait cycle the 

direction of the rear gripper is adjusted, and in the second the front grip-

per is set on the optimal path with target direction. Fig. 6.5 illustrates the 

concept of achieving the target position and direction in two climbing gait 

cycles. In the figure, the circle denotes the target position and the arrow 

represents the target direction. Rectangles colored in white and grey repre-

sents the attached and detached grippers respectively. After an exploration 

(a), Treebot acquires the optimal position and direction for the front gripper. 

The continuum body then contracts (b) and adjusts the direction of the rear 

gripper (c). Finally, the front gripper moves to the target position in the 

appropriate direction along the path (d). The forward motion is completed 

when the continuum body contracts to pull up the rear gripper (e). 

It can be seen that it takes four motion steps to move forward, which 

is quite time-consuming. In view of that, a more efficient motion planning 

strategy is thus proposed, as illustrated in Fig. 6.6. 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) 
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Figure 6.5: Series of motions required to place the front gripper to the target 
position and direction. 

Figure 6.6: A more efficient strategy to increase the climbing speed. 
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in the next climbing gait cycle (c), (d), (e). The next target position and 

direction are approximated from the current information. This scheme also 

requires four motion steps to place the front gripper in the future target 

position and direction, but the robot moves forward twice in the process, 

allowing it to climb much faster. However, the drawback of this method is 

that it may not exactly go to the target position and direction due to the 

inaccurate estimation of the future target position and direction. 

Target position of 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 optimal path. However, 

it is necessary to consider that when the inclined angle is large (nearly verti-

cal), a change of position wiil not reduce much of the pull-out force generated 

by gravity. 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. The target angle of change is defined as: 

(h = d optimal 
1 ^incline 

7r/2 
(6.26) 

If Ot exceeds the admissible angle of change, then it is replaced by the 
-w 

admissible angle of change that is closest to Once the target position Pt 

is defined, the posture of the continuum body to place the front gripper can 

be obtained by (5.4). 



Target position of the rear gripper 

To determine the target position of the rear gripper, it is necessary to approx-

imate the future target position and direction of the front gripper. The future 

length from the current rear gripper position is 二 + Sexplore, 

where Stree is the length of the current approximated segment of the tree and 

SexpLore IS the approximated future length to be explored. It is assumed that 

Sexpiore 二 — If 一 Ir- The futuie O p t i m a l positioii 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 obtained, it is necessary to find the position of the continuum body-

that the front gripper is placed on the current target position. The position 

in the tree frame can be determined by: 

r 
Pb = ^Pt — l / v f (6.27) 

where "̂ Vj 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 '̂ p^ to the future 

front gripper frame Hpf^�then find the posture of the continuum body {9f 

and (pf) to place its rear part to the Hpb by (5.6). 

The direction of the rear gripper in the future front gripper frame ^̂ v^ 
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can be found by: 

气=Rotz i^f) Roty {-Bf) Rot, (-(/./) 0 0 
T 

(6.28) 

The angle between the direction of the rear gripper and the growing 

direction of the tree in the target position can then be determined by 

transforming " v ? to the coordinate frame of the target position. To make 

the exploring motion easy to implement, ov should be as small as possible. 

As a result j r is bounded in 士7r/4. 

Finally, the posture of the continuum body to place the rear gripper in 

the appropriate direction from the target position is determined by, 

Or = \ V — 7r | 

7 / — 7r tt 

(6.29) 

(6.30) 
7 / - 7 r | 2 

where 7/ denotes the angle between the direction of the front gripper and 

the direction of growth of the tree in the target position. 

The length of the virtual tendon in placing the rear gripper is defined 

by avoiding the tendons with a negative length. Eq. 5.1 can be reformulated 

as: 

(6.31) 

St — ddj • sin ~ 1 / 2 ) h 

= Sy + d9r .sin (於r ~ -TT/e) 52 

Sr — ddr cos {(pr ~ -兀/3) 53 



Hence, to avoid the length of each tendon less than zero, Sr should be 

defined as: 

Sr = max(si, 52,53) (6.32) 

6.3.3 Verification of Target Posit ion 

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 tentacle signals 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 will try to appress 

the gripper to the tree surface. The semi-passive joint will first unlock so 

that it 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 will be reduced and the 

target position recalculated. The process is then repeated until an appressed 

placement is achieved. 

6.4 Experiments and Results 

Numerous experiments have been carried out to evaluate the proposed au-

tonomous climbing algorithm in terms of tree shape approximation, optimal 

path following, and climbing a tree with branches. 



6.4.1 Tree Shape Approximat ion 

The results of three experiments to test tree shape approximation, Test 1, 

Test 2 and Test 3，are shown in Fig. 6.7, 6.8 and 6.9 respectively. The 

subfigures (a) show the approximation target and the final exploring posture 

of Trcebot, and the subfigures (b) illustrate the approximation result. In the 

subfigures (b), the solid arc (blue) denotes the posture of Treebot, the dots 

(green) are the exploration data, the dotted arc (red) represents the fitted 

arc and the large circles (blue) 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 (yellow) in the subfigures (a) 

denotes the center line of the tree. 

In Test 1，the explored tree segment is straight, and the direction of 

the rear gripper is parallel to the direction of growth of the tree. In the 

approximation result, the shape of 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 although the posture of Treebot does not match the 

shape of the tree, the tree shape can still be correctly approximated. This 

property is significant for tackling trees with varying shape. 

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 2.24 rad). This demonstrates that the algorithm can successfully 

approximate a bent tree in 3D. 
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Figure 6.7: Test 1: Tree shape approximation on a straight tree (a) Approx-
imation target and final exploring posture of Treebot; (b) Approximation 
result. 
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Figure 6.8: Test 2: Tree shape approximation on a straight tree (a) Approx-
imation target and final exploring posture of Treebotj (b) Approximation 
result. 
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Figure 6.9: Test 3: Tree shape approximation on a curved tree (a) Approx-
imation target and final exploring posture of Treebot; (b) Approximation 
result. 



6.4.2 Opt imal P a t h Following 

The proposed autonomous climbing algorithm can guide Treebot to follow an 

optimal path. An experiment was conducted to evaluate its performance in 

this respect in which Treebot was commanded to climb a tree with a 70-degree 

inclined angle. Fig. 6.10 shows the exploring and climbing motions. The 

optimal path is marked as dashed blue line in the figures. Initially, Treebot 

was not on the optimal path and climbed according to the approximated 

shape of the tree only. After two climbing gait cycles, 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. 6.6. 

This result indicates that the proposed autonomous climbing algorithm can 

successfully guide Treebot to follow the optimal climbing path. 

6.4.3 Climbing a Tree wi th Branches 

An experiment has been 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. 6.11(a). Treebot selected branch A to climb, as shown in Fig. 6.11(b). 

In the second test, the initial position of Treebot was shifted a little bit to 

the left, as shown in Fig. 6.11(c). This time, branch B was selected by the 

exploring motion (Fig. 6.11(d)). These results indicate that Treebot tends to 

choose the closest branch, and thus the selection of a branch is determined 

by the position of Treebot. 
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(d) 

Figure 6.11: Experiment for climbing a tree with branches, (a) Initial posi-
tion 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. 



6.5 Summary 

This chapter presents the development of an autonomous tree climbing al-

gorithm that enables Treebot to explore and climb autonomously on an ir-

regularly shaped tree. The algorithm includes a tree shape approximation 

method and a motion planning strategy. The results of experiments to eval-

uate the proposed algorithm reveal that it can adequately approximate the 

shape of a tree. The proposed motion planning strategy also succeeds in 

guiding Treebot to follow the optimal path to climb the tree. 

In the proposed autonomous climbing algorithm, the selection of a branch 

is determined passively by the position of Treebot. If Treebot does not move 

to the desired branch, then manual control is needed to guide it there. 

• End of chapter . 



Global and Motion 

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 [8] proposed a motion planning method to al-

low the Parallel Climbing 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 manmade struc-

tures, such as walls and glass windows [9,10,29]. However, these structures 

are different from trees, and the approaches are thus not suitable for tree 

climbing problems. 

This chapter proposes an efficient global motion planning algorithm for 

tree climbing. In the conventional motion planning approach [30], the config-

uration space (a set of possible transformations that could be applied to the 



robot [31]) of the problem 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. 

Here, the planning problem is solved more efficiently by dividing it 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. 

An intuitive method is developed to represent the climbing space. It 

highly simplifies the path planning problem in terms of linear-time complex-

ity. A dynamic programming (DP) algorithm is adopted to find 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 plan-

ning 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 7.1. The path planning al-



gorithm is discussed in Section 7.2 while the motion planning algorithm is 

presented in Section 7.3. Experimental results are presented in Section 7.4. 

Finally, summary is presented in Section 7.5. 

7.1 State Space Formulation 

Before working on the path planning problem, the state space to the problem 

must be formulated. A tree is composed of a trunk and a number of branches. 

In the proposed algorithm, 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. 7.1. To climb to a target position, a unique 

sequence of branches must be passed. For example, 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 easily 

obtained by using the backward search method in the tree data structure. 

This means that in path planning, the climbing space of the other non-

climbed branches can be ignored, 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. 7.2. 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 necessarily a perfect circle. Finally, each ring is 



Figure 7.1: 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. 

equally discretized by a certain number of points. Each point contains the 

information on the 3D Cartesian coordinates and the normal vector of the 

surface of that point. 

The state space to the problem can be are arranged in a matrix form with 

m rows and n columns when a target position is given, as shown in Fig. 7.3. 

It is composed of the state spaces of the passing branches 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. 

(b) 

r . 

.Aits 

眉
|
|
 

靈
⑷
 

f 

f ? f 

# • 
ii P 



』 
着 

Each ring is 
decomposed 
in n points 

Figure 7.2: Tree surface discretization method. 
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Figure 7.3: State space representation to the problem. 



Information on the shape of the tree can be obtained by several means, 

such as laser- or vision-based sensing [33,34]. However, as this work focuses 

on the planning problem, it is assumed that the shape of tree is given, and the 

details of the sensing and state space conversion problems are not discussed. 

7.2 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 6. 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. 

7.2.1 Dynamic Programming 

Dynamic programming (DP) is an efficient algorithm with a proven ability 

to find globally optimal solutions to a problem [34]. It works well for discrete 

states that are difficult to search exhaustively. As a result, the DP algoritlim 

is adopted for the path planning problem. The first step in applying DP is 

to represent the probiem in a DP formulation, that is, to identify the state, 

action, action value, and the state value of the problem. 

State The states of the problem are the discrete points defined in 



Section 7.1. A state is denoted as S、] 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+i^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 only occur to points on the next ring. 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 î+î /b): The action value is defined as the sum of 

the reward values: 

Q (>5'tj, = + cioGi+i，fc + Oi+i，fc (7.1) 

where S^+î k) represents the Euclidean distance between S � ] and S叫k-

Oij is the obstacle value. The value is taken as zero if there is no obstacle 

and — oo if an obstacle is present. An obstacle means an unreachable point, 

as defined in Section 7.1. gq is a positive scalar value to adjust the weight 

of Gi’3 in (7.1). G�3 relates to the amount of the pull out force generated by 

the gravity at that point. Fig. 7.4 shows that the pull out force is directly 

proportional to the z component of the normalized surface normal vector z、]. 

Hence, the value of Gi^ is defined as: 

= � — 1 (7.2) 
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Figure 7.4: Coordinates and notations for the shape of the tree and the 
gravity vector. 

where �G [—2,0 . 

State value V^y, 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 simply 

the distance to the target position, that is, 

Ktt.-IJ ~ Sm, (7.3) 

where Sm,t denotes the target state. 

The state value of the other states can be found by: 

K j = max (K+i,fc + Q 队” S吼kV) (7 4) 

where k € :，n and z € fl,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 0(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 0(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 

K+i,fc 4- Q (St^j, is largest, where S、] and 5Vfi’fc are the current and 

next state respectively. 

7.2.2 Dynamic Environment 

The structure of a tree will rarely changes in a short term. The environment 

only changes when more accurate information on the shape of tree is obtained 

when Treebot gets closer to a given region. As the calculation of state value 

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. 

7.3 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 on the planned path may not feasible 

due to the nonlioionomic constraints of Treebot's kinematics. It is assumed 

that the path-following problem has a certain tolerance. This assumption 

is applicable because 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. However, this is time consuming. 

As a result, a computationally efficient strategy to find a suboptimal solution 

is used rather than exhaustive searching. 

7.3.1 Mot ion Planning Scheme 

It may not be possible to have both grippers and the continuum body on 

the planned path, either one of the gripper can place on the path. As an 

alternative, either one of the grippers can be placed on the path and used to 

determine the position of the other gripper to minimize the path-following 

error. The front gripper-based method, in which all of the steps of the front 

gripper occur on the planned path, is adopted because 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 io 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. 



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 possibe so as to 

minimize the number of gripping motions required. To simplify the problem, 

the length of the contraction motion is set as the minimum admissible length 

while the distance between the target positions of the front gripper is set as 

a constant. Once the planned path has been segmented, the next task is to 

determine the optimal position of the rear gripper at each step according to 

the path segments. 

Plane Fitting 

As the continuum body has an arc shape, to find an optimal direction of 

the rear gripper in which the future motion fits the future path segment, the 

path segment must be approximated as an arc. To achieve this, the path 

segment is first fitted onto a plane. It is assumed that the start and end 

points of the path segment are both on the plane. The path segment is first 

translated so that the start point is at the origin and then rotated {6̂  about 

the z-axis then 6y about the ?/-axis) to put the end point on the 2 -̂axis as 

shown in Fig. 7.5(b). 

To find the fittest plane, as illustrated in Fig. 7.5(c), an optimal 9p 



Figure 7.5: Procedures for arc fitting: 
(c) Plane fitting; (d) Arc fitting. 
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must be determined such that rotation about the 2r-axis of 6p results in the 

minimum absolute x component value. Let [xi,yi,Zi] be the transformed 

coordinates of the path segment. Referring to (6.3), 6p can be obtained by: 

t a n � = 1 土 ， (7.5) 

where q = 吃 g � 

Arc Fitting 

To find an arc to fit the path segment, the path segment is first transformed 

into 2D. The path is then rotated about the 2;-axis of dp to transform the 

fitted plane into the y-z plane. The path is projected on the y-z plane thus 

becomes a 2D path, as illustrated in Fig. 7.5(d). The approximated arc 

must pass through the start and end points of the path segment. Let the 

number of sampling points of the path segment be [yi^zi) and (y”，Zĵ) be 

the start and end points of the path segment, (y ,̂ zi) represents the points 

of the path where i G [1, rj\. Let (?/c, z^^ and r be the center and the radius 

of the approximated arc respectively. To cross the start and end points, the 

approximated arc must fulfill the following equations: 

{yi - Vof + — ^cf = (7.6) 

(Vv — yc? + ( � — 二 r2 (7.7) 

Combining (7.6) and (7.7): 

Zc = a ~ bye (7.8) 



where a =(饥'二)—(卞^d & 二 ^ • 

zi—zn 

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

已i = ivi — Vcf + {Zi - —�2 (7.9) 
Sub. (7.6) into (7.9): 

ei = {Vi 一 Vcf + {zi — Zcf 一 [{yi - Vcf + {zi - Zcf 

=(？/i'+'^i') — ( î+2/i) ya~2 (zi z, (7.10) 

Sub. (7.8) into (7.10)： 

ei = gi + hiVc (7.11) 

where gi = {yi^ + zi^)-(讲2 + � 2 ) — 2a {zi + zi) and hi = 2b {zi + Zi)— 

By using the least square method and consider all of the data points, 

�c = — ( 7 . 1 2 ) 

Once the value y�has been obtained, the values z�and r can be found by 

(7.6) and (7.8) respectively, 

( " 。 ， 。 = ( — g | ， a — 6 g g ) (7.13) 

+ (7.14) 



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. 7.6. 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 placed in this position and direction only if the 

direction of the front gripper is tangential to the starting point of the ap-

proximated 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 shifts away from the optimal position. However, this shift 

does not much affect the path following result, as it is small compared with 

the length of the path segment. 

The optimal direction of the rear gripper v̂ g in the global frame can be 

obtained by: 

Vra - Rot, {-e,) Roty i-Oy) Rot, {-0, 

0 

cos Or 

sin 

(7.15) 

where 9r == tan-i，—（f + ^mm is the length of the continuum body 

in contraction (colored in red in Fig. 7.6), and Roti {0) denotes the rotation 

matrix about z-axis in angle 9 where i e x,y,z. 
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Figure 7.6: Optimal position and direction of the rear gripper. 

7.3.2 Mot ion t o t h e Target Posi t ion 

Front Gripper 

The target positions of the front gripper are defined by the path segmentation 

process. To determine the appropriate posture of the continuum body for 

placing the front gripper on the target positions, the target position is first 

transformed into the rear gripper frame, where the center of the rear gripper 

is at the origin and the direction vector of the reax gripper is on the ；ŝ -axis. 

The posture of the continuum body to place the front gripper to the target 

position can then be obtained by (5.4). 

Rear Gripper 

If the rear gripper is in the optimal direction, then it may not be positioned 

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 then is short in the contraction motion. 

To ensure that the target position of the rear gripper is 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 trans-

formed 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 2-axis and the surface 

normal vector is on the a:-axis, as shown in Fig. 7.7. 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: 

4> = - S i g u i e r , ) ' ^ (7.16) 

K 二 abs{erg)/S碰 (7.17) 

where tan 9ra = 
y y 

7.4 Simulations and Results 

To evaluate the performance of the proposed global path and motion planning 

algorithm, a tree model thai is composed of three branches is constructed. 

The tree surface is discretized as shown in Fig. 7.8. 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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Figure 7.7: The concept to determine the posture of continuum body during 
a contraction motion. 

7.4.1 Global P a t h P lanning 

To evaluate the global path planning algorithm, a target position is located 

at the top of the branch 2 and the initial position is located at the bottom 

of branch 1, as shown in Fig. 7.8. Fig. 7.9 illustrates the reward value riij 

and Oî 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. 7.9 may not reflect the actual geometric relationship. 

The planned path generated by the path planning algorithm is shown in 

Fig. 7.8 and Fig. 7.9 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 a high reward 

value. 
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Figure 7,8: Experimental tree model. 



Figure 7.9: Reward value of the selected state space. 

7.4.2 Mot ion Planning 

Based on the planned path, the proposed motion planning algorithm has 

been applied. Fig. 7.10(b) illustrates the motions of Treebot obtained by 

the proposed motion planning algorithm. To show the motions of Treebot 

clearly, the obstacles are not displayed in the figure. In the figure, the red 

line indicates the robot body and the blue and magenta arrows denote the 

position and direction of the front and rear gripper respectively. The black 

line denotes the optimal path generated by the path planning algorithm. 

It can be observed that the motions of Treebot occur close to the planned 

path, which demostrates the effectiveness of the motion planning algorithm 

to track the planned path. 

A simple alternative motion planning method is also applied for compar-

ison, as illustrated in Fig. 7.10(a). In the simple motion planning algorithm, 
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Figure 7.10: Motion planning results, (a) Simple method; (b) Proposed 
method. 



the target direction of the rear gripper is simply equal to the direction of the 

front gripper. It can be noticed that by using the simple motion planning 

method, several motions (motion 1, 3, and 4) of Treeboi occur far from the 

planned path. In that, motions 1 and 3 pass through the obstacles, which 

results in climbing failure. Comparison of the two motion planning results 

reveals the significance of the proposed motion planning algorithm. 

7.5 Summary 

In summary, this chapter presents a global path and motion planning algo-

rithm for a tree climbing problem that can be solved in linear time. An 

intuitive method is proposed to represent the climbing space to simplify 

the complexity of the problem. A dynamic programming (DP) algorithm 

is adopted to find the optimal climbing path that minimizes the climbing 

effort and avoids obstacles. A computationally efficient motion planning al-

gorithm for Treebot is also proposed to guide Treebot to follow the planned 

path. The proposed motion planning algorithm is compared with a simple 

motion planning method. Result reveals that the significant improvement 

can be made by using the proposed motion planning algorithm. 

• End of chapter . 



To conclude this dissertation, the contributions to the fields of tree climbing 

robot are outlined. Based on the works we have achieved and the limitation 

of the method, we look beyond these approaches and propose some future 

research issues associated with these topics. 

8.1 Contributions 

8.1.1 Develop a Methodology and Design Pr inciple for 

Tree Climbing Robo t s 

A comprehensive study of the climbing methods in both natural and artificial 

aspects is done. The major fastening and maneuvering methods for arboreal 

environment are introduced and discussed. The six major design principles 

are then proposed for designing a tree climbing robot, which helps designers 

for making decision. The performances of the natural and artificial climbing 

principles are 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. 

8.1.2 Design a Novel Tree Climbing Robo t wi th Dis-

t inguish Per formance 

In this dissertation, a novel tree climbing robot, Treebot, is designed and 

developed. 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 applications for the continuum mecha-

nism. 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 tree climbing robots. The 

inherent compliance of the continuum mechanism also simplifies the control 

issues and keeps Hreebot lightweight. 

Another contribution is the development of a miniature omni-directional 

tree gripper. This special mechanical design makes the gripper simple to 

control, and compact. It consumes zero energy in static gripping, which en-

ables Treebot to remain on a tree for a long time. The gripper is also able 

to adhere to a wide variety of trees with a wide range of gripping curvatures. 

This allows 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. 



8.1.3 Develop an Autonomous Climbing St ra tegy in 

an Unknown Environment 

An autonomous tree climbing algorithm has been developed that enables 

Treebot to explore and climb on an unknown shape of tree autonomously. 

Inspired by arboreal animals, avoid using complex sensing equipment such as 

cameras, an algorithm is proposed that approximates a shape of tree by using 

limited tactile sensors only. The results of experiments reveal that the pro-

posed tree shape approximation algorithm can accurately approximate the 

shape of a tree. Generating an approximated shape of a tree allows Treebot 

to identify its environment and determine the optimal climbing motion. An 

associated motion planning algorithm is proposed, and experimental results 

show that it successfully guides Treebot to follow the optimal tree climb-

ing path. It also reveals how tactile sensors can best be used use to aid 

autonomous tree climbing. 

8.1.4 Develop a Global P a t h and Mot ion P lanning Al-

gor i thm 

A global motion-planning strategy for tree climbing is also developed in this 

dissertation to guide Treebot to climb to a target position based on a given 

global shape of tree. To the best of the author's knowledge, this is the first 

study to solve the global motion planning problem for tree climbing. An 

intuitive method is proposed to represent a climbing space that simplifies 

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 is also 

proposed to guide Treeboi to follow the planned path. The performance of 

the proposed motion planning method is compared with a simple motion 

planning method. Result reveals that the significant improvement can be 

made by using the proposed motion planning method. 

8.2 Recommendation for Future Research 

8.2.1 Compliance Modeling 

The structure of the proposed continuum body has a three DOF of compli-

ance. This has little effect when the length of extension is small. However, 

it will become more obvious when the length of the continuum body is ex-

tended, as gravitational force will easily deform the shape and orientation of 

the body and bend it out of an arc shape. This will affect the tree shape 

approximation algorithm and motion planning method, as the compliance is 

not considered in the algorithm. To avoid this problem, future studies should 

model the compliance of the continuum body and ensure that it is considered 

in the algorithm. 

8.2.2 Dynamic Analysis 

The speed of motion of the current Treebot prototype is not fast, and the 

dynamics can be neglected. With further development, Treebot could be 

made to climb much faster, but the dynamics would then need to be con-



sidered and thus require formiiiation in the future. In practical applications, 

Treebot may also need to carry heavy equipment. As the driving force of 

each tendon is limited, it will be necessary to formulate the force required 

for each tendon to achieve certain positions to identify the motion limits of 

Treebot for different loadings. 

8.2.3 Hybr id Vision/Tact i le-based Sensing 

This dissertation proposes the use of tentacles to explore the environment. 

Although this approach performs well in approximating the local tree shape, 

the range of the sensors is limited. To obtain farer information to make a 

better path and motion planning, a combination of visual and tactile infor-

mation is suggested. For example, a simple camera could be used to explore 

the rough shape of the tree, with tentacles being employed to explore the 

local environment. This approach combines the advantages of both sensing 

techniques to enrich the sensor information and improve the autonomous 

climbing performance of Treebot. 

8.2.4 Global M a p Building and Localization 

To allow globally autonomous climbing, a global tree shape must be obtained. 

An appropriate method for obtaining a global tree shape should thus be 

developed in the future. In addition, a method for locating the robot on the 

tree is needed so that the proposed global motion-planning algorithm can be 

fully applied. 



• E n d of chapter . 
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A.2 Inverse kinematics of the continuum ma-

nipulator 

Initial position of tendon 1: (—d, 0) 

Initial position of tendon 2: — f d) 

Initial position of tendon 3: (|d，譬d) 

After transformation to the new direction of bend coordinate (rotation of 

(j) about 2;-axis), the x coordinate of each spring becomes: 

Tu •dcos4> 

T2x = ^dcoscj) — ^^dsincj) = dsin (芸—0) 

T x̂ = ^d cos (j) + ^ d s i n 0 = d sin (蒼 + 

(A.4) 

(A.5) 

(A.6) 

Assume constant curvature. Each tendon should have same 9, as a result, by 

given S, n and length of each tendon can be formulated as: 

(r 一 Ur) = (r — Ty kS (A.7) 

Then, the inverse kinematics becomes: 

S {1 + nd cos (j)) 

S ( l -

5 (l - Kdsin (1 + � ) 

(A.8) 

(A.9) 

(A.IO) 



A.3 Forward kinematics of the continuum ma-

nipulator 

To find the forward kinematics, sub. (A.8) into (A.9): 

k = (1 + nd cos (f)) 
( 1 — K.d sin ( 昏 - � ) ) 

d [h sin (f - + k cos 0) 

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

(A.ll) 

K 
d [li sin ( | + 0) + h cos </>) 

Combine (A.ll) and (A.12): 

(A.12) 

h -U 
d sin ( I — + h cos ( f ) d (k sin (音 + (/>) + Is cos ( f ) 

{h 一 k) sin + h cos 0) 

= ( h — h ) sin (芸—(^) + l2 cos 0 ) 

Since sin ( | d= (p) 二 sin (g) cos • 士 cos { |) sin cf) = | cos ± ^ sin (f), 

{h — k)(鲁 + “) coscp-hh^siiKj) 
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APPENDIX A. DERIVATION OF EQUATIONS 

Since cos 6 =厂工 , 

yi+tanV 

一 2 仏 - h ) x/1 + 

Sub. (A. 13) into (A. 16): 

K, 

2 (/l - k ) 如 - 御 2 - W ) : 

dih + k + h) 

Sub. (A.16) into (A.8): 

S = 1 I ^ 2{h-l2)̂ Jl-̂ ts.n'̂ <i> 1 

� h ‘ 

1 I 2(̂ 1-̂ 2) ^ 

(A.16) 

d({2h~-l2-~h) {li + 2l2)~3li fe-W) 

(A.17) 

(A.18) 
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Sub, (A, 13) into (A.18): 

S U 

1 + 

1 + 

2(̂ 1-̂ 2) 

ll  
2{h~h){2h~h-h) 

{{2h-h-h){h-¥2h)-Ux{h~h)) 

h 

(1 + (2li 一 h- k) (^2ii-h-kKiiUh]-3k(h-i3))) 

i (2ll-l2-l3)\ 
ih+h+h) J 

ih-i-k-^-h) 

{h +^2 + k) - (A.19) 

Jones [17] 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 (f) is 7r/2. 



A.4 Mapping between the coordinates of end 

positions and the posture of the contin-

uum manipulator 

('5',/c, I / {xt.ytyZt)： 

According to Fig. A.1(a), 4> can be determined by: 

,,—iVt 
0 =： tan — Xi 

To find S and k, it is first rotate the virtual tendon to x-z plane (refer to 

Fig. A.l(b)). Then, 

= 13811—1 而 
工/ 

where x/ = Xt cos (f) + yt sin 

Once 6̂1 is obtained, the radius of bend r can be found by: 

Vxt'^ + zt^ 
2 cos 6 , ^ 

Hence, 

2 cos Oi 
= 

2 COS (tan-1 券 ) 十 ⑶ � 2x, 

as cos (tan-irc) = Refer to Fig. A.1(b)), 

/ TT \ f TT 
61 二 2 — = 2 - - tan 

\ 2 / V 2 
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Since S = 0/k., 

[xuVuZt) f- f {S,K,,(f)y. 

According to Fig. A.l, 

Then, 
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e zt 
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Figure A.l: Notations of the continuum manipulator. 



A.5 Mapping between the coordinates of end 

positions and the posture of the Treebot 

A.5.1 R e a r gr ipper f rame 

{"-Xf/yjJz^) f (S, K,(/>): 

TV 
工/ 

0 — r 

1 — cos 0 

0 + lr 

0 

0 

sin 9 

0 

sin 9 1 cos (9 

r ( l ~ cos6*) + IfSinG 

0 

r sinO + Ir -i- If cos9 

(A.20) 
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x, 

二 Rot, (f/)) 

r (1 — cos 沒）+ If sin 6 
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r sin 9 -\-lr +If cos 9 

1 — cos {k,S)] + / / sin {kS)) COS 4> 

1 — cos {hiS)] 4- // sin {k,S)) sin cj) 

~ sin + If cos (hiS) + Ir 



(j) = tan" 
工f 

To find S and it is first rotate the virtual tendon to x-z plane. In addition, 

transform 1丁 in z-axis (refer to Fig. A.2), t h u s , � z ) — '̂ Zj — and '̂ x'̂  = 

^Xj cos (j) + ^Hj sin (j). Then, 

''x'f = r{l~-cosO)+lfsmB 

Tz'f = r (sin 6) + If cos 9 

Reform (A.22): 
ẑ'f — If cos (9 

r =   
sin 6 

Sub. (A.22) into (A.21): 

, ^z'f — If cos 9 、 

Y/ = gi 二 — — （ 1 — cos 沒 ） + Z / S i n 权 

没 二 （『4 —Z/cos0)(l —cos 没 

= — {^z'f + l f ) COS0 + Ifcos^e + IfSin^e 

sine ''z'f + lf 
— =u —cos 9 ''x'j： 

Let t a n 二 t, sin6> =力*+(�and cos = then, 

sin0 77TW t v T + F + 1 

(A.21) 

(A.22) 

{A.23) 

(A. 24) 
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{Ut - 1)2 = 1 + 

u〒- 2ut + l = l + f 
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t = ~ 7 

Sub. (A.24) into (A.25): 
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Prom (A.23): 
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Sub. (A.25) into (A.26): 
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(A.25) 
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Sub. (A.24) into (A.27): 

_ i ' ^ ' f - h ) ( 暂 ) V 例 

工f 

- h) t 4 + � / ) 2 +、？C ^ + Zj) 

Hence, 
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S = re = ^ _ •——^tan" 
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A.5.2 Front gripper f r ame 

For the case of the front gripper based, the derivation is similar to the rear 

gripper based but mirror about 2;-axis. Hence the difference are: '̂Zj： —> —fz” 

If Ij. and Ij. If. 

As a result, (/Xr, ̂ Vry-^^r) ^ f {S, K, (j6)： 

[1 — COS {kS)] + Ir sin ( k S ) ) COS cj) 

〜R 

= (臺[1 — cos + It sin (k-S)) sin • 

fZr —(i sin (f^S) + Ir cos {kS) + I f ) 



z 

Figure A, 2: Notations of Treebot. 

{S, K： (j)) ^ f (^Xr/Vr/Zr)： 

s 

K. 

0 

rtan" 
2fxr{^Zr+lr) 

\{fzr+lrf-fx^ 

t a n - i � 
】Xr 

where ^Xr = =〜cos cj) + ^yr sin cf) and ^Zr —」Zr — If, 
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