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Human beings can dexterously perform highly， dynamic motions. For instance， we achieve 

e伍cientwalk by utilizing伽 po錦 町 withextended knees and hips. We push or pull a heavy obj回t

as a habitual and physically strenuous回k.When we pull an extrem吻 heavyobject， we use our 

whole bodies.百letranslational momentum (or kinetic energy) of也etrunk is generated before we 

apply a pulling force to也eobject with 0ぽ hands，加d世lenal紅geforce is applied to也eobject near 

a configuration where血earm is削 lyextended. Human beings usually lift up heavy objectsぬ a

higher place加 thedaily life. ln a weight li創ngmotion，飢拙leteliお upa heavy barbell. He or she 

firstly extends his robot manipulators and then suddenly s也市 toli食it合om血eground. After lifting 

it above his head，血ebody s甘'etchesto sus泊inthe barbell. In a vertical jumping motion of human 

b出 gs，世leleg stretches rapidly in an aligned position in stance phぉe，and恥旬ke:-offpoぬrreis 

almost s'甘'etchedout. In世1凶 emotions， the extended posωrωof human beings，也atare called 

singular configurations in robotics， seem to， be very useful. As we know， b.o白 humanbeings and 

roboぉcanbe modeled as m凶tibodysystems， and they have niuch in common. 

τbe development of the robots白紙 can'perform human-like movements has， at位協tedmany 

researchers. Over the pぉtdecades， researchers have proposed severaJ robot m釘首pulatorsωperform

highly dynamic tasks suchぉ grasping，'batting and世rrowi砲 by也eir，end-e'自己ctors.百leli合ing

motion performed by the robo匂 inbehalf of us has been studied well. 

Mobile manipulators釘 eexpected to perform various tasks by using the manipulator mounted on 

the mobile pla由，rm.Due to fukushima daiichi nuclear disぉter，世lemobile manipulators that can 

work in unknown and dangerous environment註lsteadof human beings at回，ct由einter.叫 ofmany

res悶伽s呼里町、呼ilemanipulators have b棚田edinside the批 ω:himadaiichi reactor 

buildings for sevetal pur-[1bses suchぉ ope凶ngdoor and picking up debris. 

Many ofthe robot manipulators ( including the mobile ones ) are equipped'wi血血eactuato路 wi血

high performance. However， powerful aetuators often have heavy weight， and may b血19external 

energy consumption during robot motions， especially by the mobile robots which are powered by the 

batteries. When these mobile robots work in an unknown environment suchお組巴紅白quakerubble 

or a nuclear rubble，世lerewould be adequate power supply for any emergency issue. Ifthe凶 b 間

performed efficiently even by small ac知ators，energy cOhSumption can be reduced and the回 :kscan 

be achieved as muchぉ possiblebefore runni 
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Human beings can dexterously perform highly, dynamic motions. For instance, we achieve 

efficient walk by utilizing the posture with extended knees and hips. We push or pull a heavy object 

as a habitual and physically strenuous task. When we pull an extremely heavy object, we use our 

whole bodies. The translational momentum (or kinetic energy) of the trunk is generated before we 

apply a pulling force to the object with our hands, and then a large force is applied to the object near 

a configuration where the arm is fully extended. Human beings usually lift up heavy objects to a 

higher place in the daily life. In a weight lifting motion, an athlete lifts up a heavy barbell. He or she 

firstly extends his robot manipulators and then suddenly starts to lift it from the ground. After lifting 

it above his head, the body stretches to sustain the barbell. In a vertical jumping motion of human 

beings, the leg stretches rapidly in an aligned position in stance phase, and the take:-off posture is 

almost stretched out. In these motions, the extended postures of human beings, that are called 

singular configurations in robotics, seem to, be very useful. As we know, both human beings and 

robots can be modeled as multibody systems, and they have much in common. 

The development of the robots that can' perform human-like movements has, attracted many 

researchers. Over the past decades, researchers have proposed several' robot manipulators to perform 

highly dynamic tasks such as grasping,' batting and throwil)g by their end-effectors. The lifting 

motian performed by the robots in behalf of us has been studied well. 

Mobile manipulators are expected to perform various tasks by using the manipulator mounted on 

the mobile platfonil. Due to fukushima daiichi nuclear disaster, the mabile manipulators that can 

work in unknown and dangerous environment instead of human beings attract the interest of many 

researchers recently. M?,bile manipulators have been used inside the fukushima daiichi reactor 
1"'\!~ ... :o-~ .-.". 

buildings far severlilpur-j1bses such as .opening doar and picking up debris. 

Many .of the robat manipulators ( including the mobile ones) are equipped' with the actuators with 

high performance. However, powerful actuators .often have heavy weight, and may bring external 

energy consumption during robot mations, especially by the mobile robots which are powered by the 

batteries. When these mobile .robots work in an unknown environment such as an earthquake rubble 

or a nuclear rubble, there would be adequate pawer supply for any emergency issue. If the tasks are 

perf armed efficiently even by small actuatars, energy consumption can be reduCed and the tasks can 

be achieved as much as passible before running out of batteries. Therefore, there is a pressing need 

to find a way of efficiently achieving dynamic tasks. 

In robotics, a' robot configuration that has a degenerated Jacobian matrix _ is called singular 

configuration. The kinematic properties of singular configurations are well-studied. In a singular 

configuration, the robot end-effector loses one or more degrees of freedom, and cannot be freely 

controlled in each direction. For this reason, many control and motion planning strategies have been 
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凶 edto avoid the singularities. Never出eless，the∞n位。1and motion-planning process becomes more 

complex and the range of feasible tasks is restricted. 

As we Imow， 'every由inghas two sides. Some researches showed that singular configurations訂e

a1so adv;初旬geousin several robot motions， even血ough也eadvan胞.gehas been neglected for a long 

首me.As mentioned earlier， human beings dexterously utilize世lesingul訂 configurationsin several 

motions such as walking an!l pull同Whenwe make世田 rob拘 performsuch dynamic tぉks'like

human beings， it becomes neωssary to unders加 ld也ed戸¥amicfea加resof robot n飽 r也eirsingul訂

configurations.唄usdis鶴見ationfoc凶 eson世lerelation between也erobot mo世onand世lesingul紅

configurations. 

Chap町 1introduces也ebackground， motivation and goal of由isdisser匂.tion.

Chapter 2 derives the kinematic and dynamic equations of a mu1tibody system as a general 

ぉ'preserr也.tion.Since this disser飽.tiond回 Iswi也 several駈ndsof robots，出ecorr巴sponding

kinematics and dynamics can be easily calculated based on the ob胞inedequations. 

Chapter 3 Iists a11 the featur慌 ofsingu1ar configurations observed upωnow. Two of them have 

been noticed but not theoretically explained before. A simplified model of a two-Iink manipulator is 

considered， 組d血etwo features are verified由rough也eoreticalanalysis.官官 maincontribu士ionis 

that白isdisse此ationpro吋desa theoretical expl釦 ationon也ed戸lamicfeatures of singular 

configurations， which can be utilized in robot motion. 

Chapter4 d回 Iswi也themotions oftwo-link robot manipu1a:句>rssuch as a ma且ip.ulatorwi也めad

base and a mobile manipula:ωrw油 unfixedb鎚 e.Sections 4.2 and 4.3 present世leIifting motions of 

a2・linkrobot manipu1ator， a Iifting motion and a weight lifting motion， respectively. A heavy 0吋ect

attached 旬世leend-effector is to be moved upw訂dby the manipu1ator. In the Ii食ingmotion， the 

heavy 尚ωtis Iifted up a certain height from the lowest position， while the' heavy 0防ectis Ii合edup 

to也.ehigh>回 position泊由eweight Iifting motion.百lesemo世0邸 訂'eoptimiz巴dformini凶zingthe 

ne四 ss町 jointtorques.百lenumerical simulation res山 show白at血efeatures . of s均加

configurations紅'eadvantageous in generating energy， causing large acceleration， and reducing joint 

torqu鎚.Section 4.4 deals wi血世leop白百叫 motionof a mobile manipulator for dragging a he混乱.vy

object wi血血.eend-e民ctor.When the object is moved a certain distance， the torques白紙訂e

consumed in the mobile m飢 ipulatorduring the motion are minimized by numerical optimization. In 

也eoptimized motion，也earm mounted on t 
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世letake-offtime when the fooHeaves血.eground. For the four-Iink robot，也erobot motion in aerial 

phぉein addition to the one in stance ph硲 eis a1so considered，釦d也.erota世onsofjoin'包訂esωpped

in the air by世田伽ewhen the robot reac加世田ma:x泊四 hei凶.twi白血ejoin匂制Iy剖 :ended.For 

both the two-Iink robot and four-link one， the numeriωlop甘mizationresu1ts show白紙血e飽ke・off

pos知re白紙 isclose to a singular∞nfiguration hぉ也巴 advantageirr supplying a large force (or 

acceleration)姐 cientlyin s刷 ωph蹴 .F町血ermore，也enume向 lop伽 ization悶 ul包 of恥血e

four-link robot with different肱:e-offpo鈎 E凶 show伽 t也etake-o宜 postureclose ωa  singular 

configuration is a1so useful for reducing the ro匂世onalenergy也athおめ beeliminated in aerial 

phase. Even也oughthe model of出efo町・尚北 robotis more complex， the features of s泊別lar

configura世onsω且 benoticed in世lemotions of both robots. Section 5.4 d銘 Iswi也 optimallanding

motions of a fou凶 nklegged robot伽.tminimizes the impact force at the corr勧ctpoint and the joirit 

torquesnec凶 saryduring the motion.四 ecost釦nctionfor optimiz必onis given as也eweighted sum 

of the impact force and the joint to珂ues.τ'heconfiguration of the robot世latis c10se to a singular 

configuration is advantageous泊 minimizingthe joint ωrquおおra heavy body， while血e

configuration where the leg is bent is advantageous in reducing the impact fOlte.官邸 isshown by 

numerical optimiza世onres叫匂 wi也 di鈴 rentweighぉfor也e∞stfunction and a theore世CaIanalysis 

ofas加 plifiedmodel for也elegged robot. 

Finally，也isdissertation is surrrmarized in Chapter 6. 
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used to avoid the singularities. Nevertheless, the control and motion-planning process becomes more 

complex and the range of feasible tasks is restricted. 

As we know, ·everything has two sides. Some researches showed that singular configurations are . 
also advantageous in several robot motions, even though the advantage has been neglected for a long 

time. As mentioned earlier, human beings dexterously utilize the singular configurations in several 

motions such as walking an!! pulling. When we make the robots perform such dynamic tasks' like 

human beings, it becomes necessary to understand the dynamic features of robot near their singular 

configurations. This dissertation focuses on the relation between the robot motion and the singular 

configurations. 

Chapter I introduces the background, motivation and goal of this dissertation. 

Chapter 2 derives the kinematic and dynamic equations of a multibody system as a general 

representation. Since this dissertation deals with several kinds of robots, .the corresponding 

kinematics and dynamics can be easily calculated based on the obtained equations. 

Chapter 3 lists all the features of singular configurations observed up to now. Two of them have 

been noticed but not theoretically explained before. A simplified model of a two-link manipulator is 

considered, and the two features are verified through theoretical analysis. The main contribution is 

that this dissertation provides a theoretical explanation on the dynamic features of singular 

configurations, which can be utilized in robot motion. 

Chapter 4 deals with the motions of two-link robot manipulators such as a manip'ulator with fixed 

base and a mobile manipulator with unfixed base. Sections 4.2 and 4.3 present the lifting motions of 

a 2-link robot manipulator, a lifting motion and a weight lifting motion, respectively. A heavy object 

attached to the end-effector is to be moved upward by the manipulator. In the lifting motion, the 

heavy object is lifted up a certain height from the lowest position, while the'heavy object is lifted up 

to the highest position in the weight lifting motion. These motions. are optimized for mininiizing the 

necessary joint torques. The numerical· simulation results show that the features of singular 

configurations are advantageous in generating energy, causing large acceleration, and reducing joint 

torques. Section 4.4 deals with the optimal motion of a mobile manipulator for dragging a heavy 

object with the end-effector. When the object is moved a certain distance, the torques that are 

consumed in the mobile manipulator during the motion are minimized by numerical optimization. In 

the optimized motion, the arm mounted on the mobile base passes through its singular configuration, 

and a large force to pull the object is generated simultaneously. A theoretical analysis is performed to 

explain:tbe numerical results by using a simplified model of the mobile manipulator. 

Chapter 5 deals with the motions of legged robots, ,including a two-link legged robot and a 

four-link legged one. Sections 5.2 and 5.3 obtain optimal jumping motions of a two-link legged 

robot and a four-link legged one. For the two-link robot, the robot motion in stapce phase is 

considered, and a fixed amount of translational energy is supplied to the robot from joint torques by 

·~I ___ (_I:£;_~ __ : ___ H_._~_~ _________ N_O_._3 ____ ~ 
the take-off time when the fooHeaves the ground. For the four-link robot, the robot motion in aerial 

phase in addition to the one in stance phase is also considered, and the rotations of joints are stopped 

in the air by the. time when the robot reaches the maximum height with the joints fully extended. For 

both the two-link robot and four-link one, the numerical optimization results show that the take-off 

posture that is close to a singular configuration has the advantage in supplying a large force (or 

acceleration) efficiently in stance phase. Furthermore, the numerical optimization results of the the 

four-link robot with different take-off postures show that the take-off posture close to a singular 

configuration is also useful for reducing the rotational energy that has to be eliminated in aerial 

phase. Even though the model of the four-link robot is more complex, the features of singular 

configurations can be noticed in the motions of both robots. Section 5.4 deals with optimal landing 

motions of a four-link legged robot that minimizes the impact force at the contact point and the jomt 

torques necessary during the motion. The cost function for optimization is given as the weighted sum 

of the impact force and the joint torques. The configuration of the robot that is close to a singular 

configuration is advantageous in minimizing the joint torques for a heavy body, while the 

configuration where the leg is bent is advantageous in reducing the impact forte. This is shown by 

numerical optimization results with different weights for the cost function and a theoretical analysis 

of a simplified model for the legged robot. 

Finally, this dissertation is summarized in Chapter 6. 
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問題ではて，関数節値ト最ル適ク化を小によさっで最適な運動を求め，特異姿勢に近い姿勢からの着地で，特異姿勢の性質を
利用し くできることを示している.さらに，簡単化したモデルにおいて衝撃を考慮し

て問題を定式化し，これを解析的に説明じている. 白，
以上，本研究は，ロボy トの持ち上げ，引っ張り，跳躍，着地という 4動作を対象として，それぞれの

動f性F時を動の消力費トルクを最小にする運動最適化問題の数値的，理論的考察を通してロボットの特異姿勢の有
用 学的に示したものであり jロボティクス分野においてロボットの動作について重要な知見を得

たものとして価値ある集積である.提出された論文はシステム情報学研究科学位論文評価基準を満たしてー

おり，学位申請者の万象隆は，博士 (工学)の学位を得る資絡があると認める. 
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