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BipedaI Running with One Actuator per Leg 

Abstract 

RHex is a cockroach-inspired hexapod robot capable of walking, running, and climb­

ing. This the sis presents the development of a novel, three dimensional, bipedal 

running gait for RHex using only two actuated degrees of freedom (DOF), one per 

compliant leg. To the author's knowledge, there are no previous, two DOF bipeds 

capable of running. In this thesis it is experimentally demonstrated that only body 

pitch and leg angle sensing are required. The controller includes three levels of pro­

portional derivative controls for balancing, forward speed and leg tracking, as well a 

leg trajectory generator and a me ans of forward speed estimation. With the addition 

of yaw angle feedback, high repeatability was obtained. Details of a platform upgrade 

are also presented. Finally, a simulation model of the robot was developed that, in 

conjunction with a genetic algorithm optimization used to tune the controller and 

gait parameters, produced a stable gait similar to those observed in experiment. 
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Résumé 

Auteur 

N eH Neville 

RHex, un robot hexapode inspiré de la coquerelle, peut marcher, courir et même 

grimper. La présente thèse expose le développement d'une toute nouvelle démarche 

pour ce robot. En effet, il a été possible de faire courir RHex dans un environnement 

3D en n'utilisant que deux de ses six pattes. À la connaissance de l'auteur, RHex 

serait le premier bipède ne possédant que deux degrés de liberté actionnés pouvoir 

courir. Pour cette nouvelle démarche, le robot n'a besoin de mesurer que les angles 

de ses pattes par rapport à son corps ainsi que le lancement de son corps. Trois 

régulateurs proportionnel-intégral-dérivé (PID) sont utilisés afin de contrôler: (a) 

l'équilibre du robot, (b) sa vitesse et (c) les angles de ses pattes. De plus, le contrôleur 

utilise une méthode de planification de la trajectoire des pattes ainsi qu'une méthode 

d'évaluation de la vitesse du robot. Il est aussi démontré dans cette thèse qu'en 

utilisant un régulateur sur l'angle de lacet, la reproductibilité de la démarche aug­

mente. Certaines modifications aux systèmes mécaniques et électroniques du robot 

sont également proposées dans le but d'améliorer la démarche en mode bipède de 

RHex. Finalement, une simulation du robot est développée et utilisée conjointement 

à un algorithme d'optimisation afin de stabiliser la démarche. 
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Chapter 1 

Introduction 

1.1 Motivation 

Legged robots have made great st rides in the past two decades. One need only 

look at the extraordinary range of mobility present across the animal kingdom to 

appreciate the immense potential for legged robots in unstructured environments. 

One cau envision a wealth of practical applications for legged technology related 

to emergency first response [65], mobile monitoring, inspection and surveillance in 

hazardous or hostile environments [83, 9], planetary exploration [66], and personal 

helper devices [23], to name a few. Further uses of legged robots exist in entertainment 

applications such as toys [22], movie and theme park creatures [20], and museum 

demonstration models [92]. 

As mobility is a key element in developing autonomous vehicles, legged robots 

will be of increasing significance as the trend towards more capable autonomous 

robots continues. Compared to wheeled and tracked vehicles, which require a suit able 

continuous path of support, legged systems require only isolated footholds. In spite of 

this, the current mobility standards of performance by man-made vehicles have been 

set by wheeled and tracked vehicles. Moreover, to date there have been virtually no 

significant practical applications of legged robots outside of the laboratory, with the 

exception of a number of entertainment robots [22, 29, 18]. 

In addition to their great potential as useful devices, legged robots provide in-

1 
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teresting applications of basic mechanics and control theory. Further motivation to 

study legged robots is that legged robots deal with similar dynamics and control issues 

as animaIs but are, in many respects, easier to study. 

1.2 Biological Inspiration, RHex 

This thesis presents the development of a novel 3D bipedal running behavior 

using a compliant hexapod, RHex [85, 5, 46]. Figure 1.1 shows RHex in hexapedal 

and bipedal configurations, respectively. RHex was inspired by R.J. Full's research on 

cockroach locomotion [24, 27]. N atur ally, the results of millions of years of biological 

evolution can serve as inspiration for the design of legged robots. Such characteristics 

as its sprawled posture, low center of gravit y, passive compliant legs, and clock-driven 

tripod gaits are biologically inspired. These characteristics, combined with scientific 

and engineering princip les , have endowed RHex with a large repertoire of behaviors, 

including walking over irregular terrain [85], pronking1 [58], stair climbing [61, 62], 

swimming [7, 74], fiipping [86], and quadrupedal bounding2 [12]. 

(a) (b) 

Figure 1.1: (a) RHex outdoors, (b) RHex running bipedally 

1 Pronking is a one-beat running gait used by such animaIs as llamas, deer, and springboks in 
which the stance phases of alliegs are coincident. [56] 

2Bounding is a two-beat running gait used by such animaIs as dogs and squirreis that is charac­
terized by the front and rear Iaterai Ieg pairs moving in phase. 



Chapter 1: Introduction 3 

Just as the overall robot design was inspired by Full's research on cockroach 

locomotion, so is the particular bipedal behavior studied in this thesis. Full and Th 

[27] reported that the American cockroach, Periplaneta americana, can run bipedally 

on its hind legs at high speeds. Figure 1.2 shows a picture of a cockroach running 

bipedally. 

Figure 1.2: Cockroach running bipedally [70] 

1.3 Development of a Novel Bipedal Gait: 

Objectives and Contributions 

Engineers have been building electronically controlled legged robots for approx­

imately four decades. Currently there is a particularly large amount of research 

devoted to bipedal robots. Biped robots with a wide spectrum of morphologies, actu­

ated degrees of freedom, and sensing capabilities have been developed. Sorne benefits 

of mechanical simplicity include reduced cost and weight and improved reliability. 

Minimalistic approaches, which aim to lower the complexity of the sensing and ac­

tuation schemes, raise sever al questions. What is the minimum number of actuated 

degrees of freedom necessary for dynamically stabilized bipedallocomotion? What 

sensing is necessary for dynamically stabilized bipedal locomotion? What are the 

characteristics of such a gait? 

This thesis details the development of novel 3D dynamic bipedal running behavior 

using only two actuated degrees of freedom, one for each compliant leg. In addition, 

only body pit ch and leg angle sensing are required. This work emphasizes simplicity 

and is in stark contrast to the approach employed in the vast majority of biped 

robot projects presented in the literature. By and large, these biped robots involve 
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six or more actuated degrees of freedom, extensive sens or suites, and low flexibility. 

Such characteristics generally reduce speed, mobility, and energy efficiency. To the 

author's knowledge, there are no (2D or 3D) bipeds with only one actuated degree 

of freedom (DOF) per compliant leg capable of dynamic running in existence. It is 

demonstrated in this thesis that in spite of the simplicity of the actuation, sensing, 

and control schemes and the fact that the experimental platform was designed for 

six legged locomotion, dynamically stabilized bipedal running is possible with the 

RHex robot. Furthermore, forward velo city, pitch, roll, and yaw can be successfully 

stabilized or controlled to sorne degree. 

1.4 Thesis Organization 

The concepts used in this study are obtained from the dynamics, control, and 

legged robotics literature as weIl as from the biomechanics literature. Both experi­

mental and simulation results are presented. The primary methods of analysis used 

in the experimental work are analysis of measured data and video. 

Chapter 2 presents a survey of the relevant literature that exists on bipedal ro­

bots and their control methods. Legged locomotion terminology and concepts used 

throughout the thesis are briefly presented. A description of the experimental plat­

form is also included. Chapter 3 describes the overall control strategy in the sagittal 

plane and elaborates on the control of body pitch and forward speed. The leg trajec­

tory generation scheme and the leg trajectory parameter choice and calculation are 

discussed. Frontal and transverse plane dynamics are then discussed in Chapter 4. 

The physical characteristics of the robot used to manipulate the dynamics in these 

planes are also discussed. A steering controller is also presented. Experimental re­

sults are given in Chapter 5 along with an outline of the parameter tuning procedure. 

Simulation results using MSC ADAMS of bipedal RHex are presented in Chapter 6 

along with component models of the robot legs and body. The details of a genetic 

algorithm optimization used to tune the gait are included. Finally, Chapter 7 sum­

marizes the research presented in this thesis and provides recommendations for future 

work. 



Chapter 2 

Background and Literature Review 

This chapter provides context for the research presented in this thesis. A survey 

of the relevant work on legged machines is provided. Legged locomotion terminology 

and concepts used in this thesis are also briefiy presented. Finally, this chapter 

includes a brief description of the mechanical, electrical, and software characteristics 

of the experimental platform used. 

2.1 Legged Locomotion 

Full and Koditschek described locomotion in the following way: "Locomotion 

results from complex, high-dimensional, non-linear, dynamically coupled interactions 

between an organism and its environment" [26]. Legged robots are variable structure 

dynamic systems. For example, a biped can have a ballistic fiight phase with no legs 

contacting the ground, a single leg support phase with one leg contacting the ground, 

and a double leg support phase with both legs contacting the ground. Two additional 

key characteristics of legged systems are related to the nature of the joint formed by 

the foot and the ground. This joint is unilateral; no attractive forces are present [31]. 

It is also unactuated because no actuation or control input exists at this joint. 

5 
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2.1.1 Concepts and Terminology 

Terminology used throughout this thesis is discussed in this section. If a leg is 

in contact with the ground it is said to be in stance phase, otherwise, the leg is said 

to be in flight phase, or swing phase. The transition of a leg from flight phase to 

stance phase is known as touchdown, whereas the transition from stance phase to 

flight phase is known as liftofJ. 

Similar terminology can be used to describe the robot. A robot is said to be in 

flight phase when aU its legs are in flight phase. Depending if there are zero, one, or 

two legs in contact with the ground, a biped robot can have three different phases: 

flight phase, single support (stance) phase, and double support (stance) phase. 

A gait can be defined as "a manner of moving the legs in walking or running" [36]. 

A stride refers to a complete cycle of leg movements; for example, all the movements 

that occur between successive touchdown events of the same foot. 

In addition, there are a number of quantities used to characterize a gait. The 

stride frequency, f, is the number of strides per second and the stride period, te equals 

1/ f. The stride length, À, equals the distance traveled in one stride. The dut y factor, 

{3, is the fraction of the total leg cycle that a particular leg is in contact with the 

ground and is typically assumed to be the same for each leg. In bipedal locomotion 

a double stance phase will exist if {3 > 0.5 and no flight phase will exist. In this case, 

the duration of the double stance phase as a fraction of a stride period is 2{3 - 1. For 

a given leg, the angle traversed by the leg at the hip between touchdown and liftoff 

is called the sweep angle, CPs. The relative phase will be defined as the fraction of the 

stride period between the touchdown event of a particular leg relative to that of a 

reference leg. 

Anatomical terms are used frequently in the context of both natural and artificial 

legged locomotion. As shown in Figure 2.1, the sagittal plane div ides the right and 

le ft parts of the body while the frontal plane divides the front and back of the body. 

Lastly, the transverse plane divides the top and bottom of the body. Front, back, 

left, right, top, and bottom are defined as they would naturally be for humans. Note 

that the orientation of these planes with respect to the robot body are different 
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for the hexapedal and bipedal configurations of RHex; however, only the bipedal 

configuration is relevant in this thesis. 

transverse 

frontal 

sagittal 

Figure 2.1: Anatomical Planes [95] 

A common way of distinguishing walking from running is to determine whether 

a ballistic flight phase, during which no Ieg touches the ground, is present; this is 

equivalent to a dut y factor less than 0.5 for bipeds. However, many researchers point 

out deficiencies with this type of definition because it does not apply for aU animaIs 

[3], or under aU conditions for a given animal [54, 55]. A more applicable definition 

is provided by Cavagna [13]: in walking, the center of mass (COM) of the body is 

highest at approximately mid-stance, while in running the COM is lowest at approx­

imately mid-stance. Therefore, in walking changes in the kinetic energy associated 

with the forward motion and gravitational potential energy are out of phase. In 

running changes in gravitational potential energy and the kinetic energy associated 

with the forward motion are in phase and energy is stored in spring elements until 

approximately mid-stance and released thereafter. 

2.1.2 Stability 

Stability is a key issue in the study of legged robots and many stability definitions 

have been applied in this context. Legged machines are commonly categorized by their 
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stability characteristics: statically stable, quasi-statically stable, or dynamically stable. 

Static stability occurs when the ground projection of the center of mass lies within the 

region formed by the support feet, known as the support polygon. Generally, robots 

that maintain static stability require four or more legs, however, static stability can 

also be maintained using as few as two legs if the feet are large enough. Statically 

stable machines require large support polygons and are forced to move slowly so that 

momentum is negligible. In contrast, dynamically stable robots use feedback and 

dynamic forces to maintain balance [82]. Some create stable limit cycles that repeat 

with each stride. Lastly, quasi-static stability encompasses the possibilities between 

static stability and dynamic stability. For example, a quasi-static robot may maintain 

static stability for aIl but a short part of the st ride cycle. 

For the bipedal research presented here it is practical to separate and view sta­

bility in terms of body stability, body path stability, and gait stability as proposed 

by Vukobratovic [93]. Standard stability concepts apply to body stability and body 

path stability. Gait stability, on the other hand, requires the following quantities to 

be constant: average forward velo city, stride length, leg phasing, dut y factor, and 

cycle period. This type of division will be use fuI in the discussion of the experimental 

results. Although the word balance is frequently used in the legged robotics literature 

to imply some types of stability, the concept of balance varies and no agreed upon 

definition is available. 

2.1.3 CompIiance in Legged Locomotion 

Compliance plays a critical role in the current research. The use of compliance in 

legged locomotion is extensively documented in the biomechanics literature. AnimaIs 

use tendons, ligaments, and muscles to absorb, store, and release energy as they run 

[21, 54, 4]. In fact, there are striking trends in musculoskeletal stiffness values across 

animaIs of vastly different sizes. More specifically, Full and Farley [25] report that the 

relative leg stiffness is approximately constant for runners, trotters, and hoppers hav­

ing a wide range of morphologies and masses ranging over orders of magnitude. The 

simplest and most common model for running is the spring loaded inverted pendulum 



Chapter 2: Background and Literature Review 9 

(SLIP), see Figure 2.2(b). In addition to serving as a model for the aforementioned 

biomechanics work, SLIP has also served as basis for running robots (e.g [80, 32]). 

Alexander [4] points out three uses of springs in legged locomotion. The first use 

is of the SLIP property, which he refers to as the "pogo stick principle". Resonant 

bouncing of the robot or animal's center of mass (COM) can be used to increase 

efficiency and generate higher speeds than are possible with walking. The second use 

is to make the leg swing motion more efficient. The final use compliance discussed 

by Alexander is as "foot pads" to aid foot contact by reducing impact forces and 

chattering between the foot and the ground. 

In contrast, walking does not make significant use of compliance and is usually 

modeled as an inverted pendulum, see Figure 2.2(a). Due to the stiff behavior of 

the leg in walking and based on the assumption that the support foot remains in 

contact with the ground, a maximum walking speed can be determined for which the 

acceleration of the body in the vertical direction equals the acceleration of gravit y, g. 

This maximum speed is ygl, where l is height of the COM at mid-stance. 

COM COM 

(a) (b) 

Figure 2.2: (a) Inverted pendulum; (b) Spring loaded inverted pendulum (SLIP) 

2.2 Survey of Dynamically Stable Biped Robots 

As mentioned in the introduction, legged machines have been the subject of in­

tense research in the last four decades. Much of the early work focused on statically 
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stable quadruped and hexapod machines (e.g. the work of Mosher [88], McGhee [52], 

Gurfinkel [33], Hirose [38]). Subsequently, work on quasi-static and dynamic bipeds 

emerged. Kato [43] built a biped whose "quasi-dynamic" gait was statically stable 

except for short periods wh en support was transferred between feet. Miura and Shi­

moyama [60] developed a biped that is generally considered to be the first dynamically 

stable biped. Raibert conducted ground-breaking research on dynamically stabilized 

hopping machines with one, two, and four legs [80]. McGeer [51] built a gravit y 

powered biped 1 capable of walking down shallow slopes without active control. Since 

these pioneering works, a wealth of walking and running robots have emerged; an 

extensive on-line catalogue can be found in [10]. 

This section surveys the relevant work and the state-of-the-art for biped robots 

with emphasis placed on morphology and control approaches adopted for these sys­

tems. Due to the expansive nature of the literature, a complete review is outside the 

scope of this thesis and only key robots and control approaches will be considered. 

2.2.1 Humanoid Robots, ZMP Approaches 

The vast majority of bipedal robots have large feet, a rigid structure, and a 

relatively high number of actuated degrees of freedom. Humanoid robots (anthropo­

morphic robots) generally fall into this category and their designs follow a structural 

biomimesis philosophy. Manipulator theory is used to carefully control the motion of 

each of the many joints to achieve precise foot placement and the desired sequence of 

events. Approaches using static stability criteria can be used in sorne cases, however, 

the most common stability criteria are related to the zero moment point (ZMP), to 

be described shortly. The main disadvantage of this type of robot design is that the 

number of actuators, heavy limbs, and lack of compliance result in slow gaits. In ad­

dition, a high degree of mechanical complexity tends to reduce efficiency, mechanical 

robustness, and reliability. 

The currently best known examples of the state-of-the-art in humanoid robots 

1 While passive walking toys have probably existed for centuries, McGeer initiated recent study 
of passive dynamic walking. 



Chapter 2: Background and Literature Review 11 

are the Ronda Asimo [18J and the Sony QRIO [29J; both use ZMP based control 

approaches. The Ronda Asimo is a 1.2 m tall 52 kg robot shown in Figure 2.3a. It 

has a top speed of only 0.44 rn/s. Very stable but slow walking and st air climbing 

is achieved with 12 degrees of freedom (DOF) in the legs and hips. There are an 

additional 14 DOF in the arms, hands, and head. The Sony QRIO (7 kg, 38 DOF) 

is capable of dynamic walking, dancing, and throwing behaviors. It can also detect 

the inclination of the ground and adapt accordingly. QRIO can even run with a very 

short duration fiight phase (0.23 rn/s, 20 ms aerial phase [41]); Sony claims that QRIO 

is the first humanoid robot capable of running [89J. Many other notable, successful 

bipeds with stiff legs and large feet exist (e.g. HRP-2 [42], H6 [67], HOAP-2 [8], 

Johnnie [40], KHR-1 [69]) and sorne are even available commercially. These robots 

are shown in Figure 2.3. 

(a) (b) (c) (d) (e) 

Figure 2.3: Humanoid robots: (a) Ronda Asimo, (b) Sony QRIO, (c) Technische 
Universitat München Johnnie, (d) Fujitsu HOAP-2, (e) Kawada Industries HRP-2. 

The ZMP was first applied in the control of legged robots more than two decades 

ago and is still one of the most common frameworks used to control bipedal robots. 

This control method is applicable to robots with "large feet" (i.e. not "point" feet 

or large feet with roHing contact) and can be used for gait analysis, synthesis, and 

control. The ZMP is the point on the ground, within the support polygon, where the 

ground reaction moments in the ground plane are zero, i.e. the point on the ground 

through which the resultant ground reaction force acts. ZMP is a misnomer because 

only two components of the reaction moment need be zero. The existence of a ZMP 
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within the boundaries of the foot or support polygon is a necessary, but not sufficient 

condition for dynamic stability. 

To calculate the ZMP, a location for the ZMP is computed using the static 

equilibrium condition applied to the stance foot. If this location falls out si de the foot 

area, the ZMP is not defined and the ground reaction force acts on the edge of the 

foot. In this case, the foot will rotate about this edge due to the unbalanced moment. 

Figure 2.4 illustrates the ZMP concept. Goswami presents a detailed review of the 

ZMP and it's application in [31]. 

p 

(a) (b) 

Figure 2.4: ZMP concept for a simplified, planar, inverted pendulum robot with 
actuated angle. Assume that adequate friction exists so that there is no sliding. (a) 
ZMP is within the foot boundaries, (b) foot rotates because the ZMP is not defined 
and the ground reaction force acts at the edge of the foot. [15] 

To use the ZMP approach to control a biped, a walking algorithm generates 

desired trajectories for the ZMP. ZMP trajectories can be generated omine [37] or in 

realtime with sorne motion planning algorithm [68]. The joint angles of the legs and 

torso needed to pro duce the desired ZMP are then calculated. 

The ZMP approach is similar to approaches used with statically stable machines 

in that this measure is used to maintain or evaluate equilibrium at every instant. Of 

course, it is not necessary or even desirable to impose equilibrium at every instant. 

Most running gaits in animaIs are not in equilibrium over the entire stride; for ex­

ample, the fiight phase of a running human, bounding squirrel, or galloping horse. 

In these examples the ZMP does not exist over the entire stride. In addition, ZMP 
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stability criteria would indicate that robots with point contact feet, such as bipedal 

RH ex, cannot be stable; this points to another deficiency of this approach with re­

spect to its application to the development of dynamically stable gaits. Other control 

methods using limit cycles do not attempt to maintain equilibrium at every instant; 

these will be discussed in later sections. 

2.2.2 Passive Dynamic Walkers 

Passive dynamics play an important role in many legged robots. For example, 

body pitch oscillations can be passively stable for bounding quadruped robots or, of 

direct relevance to the current research, roll oscillations for a bipedal running robot 

can be passively stable. 

There is a class of robots that are entirely passive and require no control. These 

robots walk down shallow slopes and have walking as a natural mode. The pioneering 

engineering work in this domain was performed by McGeer [51] who built a 2D gravit y­

powered biped. Another example of notable work in this field is that of Ruina [17] 

whose lab built a 3D biped that walks with a naturallooking gait. Both McGeer's and 

Ruina's robots have large curved feet that create a rolling contact with the ground 

(see Figure 2.5a,b). Mechanical simplicity is a key characteristic of such machines. 

More recently, passive dynamic walking research groups at Cornell, Delft, and 

MIT have extended the principles of the gravit y powered walkers to create robots 

capable of walking on fiat surfaces [16]. These robots, including Tedrake's MIT 

learning biped and the Cornell biped shown in Figure 2.5c,d, walk with efficiencies 

similar to that of human walking. The Cornell and Delft bipeds require only ground 

contact sensors and motors that are issued on/off signaIs once per step. The rest 

of the motion is completely passive and governed by the natural dynamics of the 

mechanism. 

2.2.3 Actively Driven Limit Cycle Based Approaches 

The robots discussed in this section walk or run by creating stable limit cycles. 

Hopping robots and robots with "small" or "point" feet fall into this category. 
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(a) (b) (c) (d) 

Figure 2.5: Sorne passive dynamic robots: (a) McGeer's Passive Dynamic Walker [51], 
(b) Ruina-Wisse-Collins Cornell Walker [17], (c) Cornell Biped [16] (d) Tedrake's MIT 
Learning Biped [16] 

Raibert conducted ground-breaking research on dynamieally stabilized hopping 

machines with one, two, and four legs [80]. The princip les developed generally apply 

to robots with significant leg compliance. Raibert found that simple controllers suited 

to the dynamics of the system could be used to effectively control running. He found 

that a decoupled three part controller could make 2D and 3D monopods run at a 

specified rate, leap over obstacles, follow a desired path, and balance themselves when 

disturbed. The 3D monopod, shown in Figure 2.6b, had a radially compliant prismatic 

leg with an air spring and hydraulic actuator, and two hydraulically actuated degrees 

of freedom at the hip. Body attitude, leg length, contact between the foot and the 

ground, joint rates and angles, and the pressure in the leg air cylinder were sensed. 

Control of the monopod was decoupled into the tasks of hopping height, forward 

speed, and posture stabilization. Raibert's standard hopping controller aimed at de­

livering a fixed amount of energy with the prismatic leg during each stance phase. 

Because the energetic losses in the system were a monotonie function of the hopping 

height, an equilibrium hopping height existed for each fixed energy input. Posture 

control was effectuated during the stance phase. The attitude of the body was con­

trolled by hip torques calculated using a proportional derivative (PD) control law. 

Forward velocity and acceleration were controlled by moving the leg to the appro­

priate touchdown angle during the ballistic flight phase. The touchdown angle has 
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a strong effect on the resultant forward body acceleration over the stride. Using an 

approximation of the system dynamics, it was possible to calculate the foot posi­

tion at touchdown that would pro duce the desired net acceleration over the stride. 

Interestingly, Raibert also successfully showed an alternative three part controller 

in simulation that used forward foot placement for posture control, hip torque for 

forward velo city control, and leg thrust for hopping height control. Thus, a range 

of control algorithms exist for such robots; Raibert speculated that more complex 

non-decoupled, non-linear control strategies would provide optimized performance. 

Following the success of the monopods, Raibert used the same ideas and the 

concept of virtual legs to control biped and quadruped robots. The 2D biped was 

capable of running at speeds up to 5.86 m/s. Both the 2D and 3D bipeds were 

capable of running, jumping over obstacles, climbing certain stairs, and performing 

somersaults. 

(a) (b) (c) (d) 

Figure 2.6: (a) MIT 3D Monopod [47], (b) MIT 3D Biped [47], (c) MIT Spring 
Flamingo [47], (d) RABBIT [14] 

One example of a 2D biped robot with "point" feet that walks using a limit 

cycle approach is RABBIT [14, 79]. Unlike the many heuristic approaches often 

used to control legged robots, RABBIT uses analytically derived controllers. The 

concepts of virtual constraints and hybrid zero dynamics are used to generate periodic 

walking motions that are provably asymptotically stable. Moreover, preliminary (un­

sustained) running results have been obtained in which a distinct flight phase is 

present [39]. This planar biped, shown in Figure 2.6d, consists of five links and 
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has four actuated degrees of freedom. Full state sensing is used and no significant 

compliance is included. 

2.2.4 Other Control Approaches and Parameter Tuning 

Many other approaches have been used to control legged robots, more in simu­

lation than in practice. Iterative parameter tuning is often required for legged robots 

because of the lack of a model, modeling errors, and model parameter errors. In par­

ticular, complexities in realistically modeling impacts, friction properties, nonlinear 

stiffness and damping, actuators, gears, and complex ground-robot interactions make 

the development of realistic models suit able for analysis or controller development 

a problem for many systems. This is especially true for bipedal RHex. In addition, 

more options are available for controller development and parameter tuning in simula­

tion environments because of the overhead required for experimental work. Learning 

and optimization techniques, such as reinforcement learning algorithms [71, 90] and 

genetic algorithms [6, 35], have been successfully implemented in the simulation of 

legged systems. Sorne have also been implemented using real robots [91, 45]. 

Pratt [75] developed an interesting framework called "virtual model control" to 

control legged robots without a dynamic model. Such a controller uses virtual com­

ponents (e.g. springs, masses, dampers) that interact with the robot and generate 

virtual forces that are converted into real joint torques via suit able transformations. 

Virtual model control was used successfully to control walking gaits of two planar 

bipeds, Spring Turkey (5 link, 4 actuated DOF) and Spring flamingo (7 link, 6 actu­

ated DOF, see Figure 2.6), on level and shallow sloped surfaces [76, 77]. 

One example of a very successful parameter optimization procedure applied to 

a real robot, the RHex hexapod robot, was the use of a modified Nelder-Mead direct 

search algorithm by Weingarten et al. [94]. For this procedure, the robot was run 

repeatedly over a test track with a different parameter set each time to minimize a 

performance index. The two performance indices used were the specifie resistance 

(see Section 5.4) and the specifie resistance divided by velo city squared. This eight 

dimensional space optimization resulted vast efficiency improvements and in speeds 
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more than three times higher than were possible by manual tuning. 

2.3 RHex: The Robotic Hexapod 

The RHex robot (Figure 1.1) was the experimental platform used to con du ct 

this research. RHex is a power- and computation- autonomous1,2 hexapod robot 

with compliant legs. This robot was the result of a collaborative research effort 

by teams at the University of Michigan, McGill University, University of California 

at Berkeley, and Carnegie Mellon University. This section briefly details relevant 

mechanical, electrical, and software characteristics of the platform. A summary of 

the physical parameters of the RHex robot are given in Table 2.1. 

2.3.1 Mechanical, Electrical, Software Description 

Compliant semicircular legs are constructed with layers of "S glass". Each leg is 

driven by one mot or. High performance Maxon RE25 DC mot ors and 33: 1 planetary 

gearheads are used. For sorne parts of the research detailed in this thesis, larger 

Maxon RE30 motors and 14:1 planetary gearheads were used (see Section 5.5.3). Leg 

angle measurement is performed by incremental optical encoders with 2000 counts 

per revolution. Hall effect sensors mounted in the hips detect a magnet embedded 

in the leg to provide an initial position for leg angle measurements. To predict the 

possibility of mot or failure, sensors monitor the mot or case temperature. 

The robot contains nickel metal hydride (NiMH) batteries. In the standard 

configuration, the batteries have a nominal voltage of 24 V and an electric charge 

capacity of 3 A·h (10.8 kC). A custom amplifier board using Apex Microtechnology 

SA60 H-bridge pulse width modulation chips is used to drive the mot ors [57] with up 

to 10 A continuous and 15 A peak currents. A custom analogjdigital input output 

board interfaces with the various sensors and actuators [11]. For control purposes, 

computation is performed by a 300 MHz Lippert CoolRunner II PC104 processor with 

1 Power supply resides on the robot. 
2 AlI computational hardware and software resides on the robot except for low bandwidth remote 

supervisory user interface. 
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256 M of RAM. Communication with the robot is accomplished via 802.11b wireless 

ethernet. 

A three axis Fizoptika VG941-3D fiber-optic gyroscope is used to measure the 

orientation of the robot body. This gyroscope has a dynamic range of ±500 deg/s 

and low zero-input drift. Details on the attitude estimation system on RHex can be 

found in [57]. A color digital camera and vision system are also available on RHex 

but were not used in this research. 

With respect to software, the QNX realtime operating system is used. RHexLib, 

a C++ library originally developed by RHex team members at the University of 

Michigan [44], is used to provide a control interface, sensor and hardware interfaces, 

timing controls, a framework for gait descriptions, data logging, etc. 

Property 1 Symbol 1 Value 1 Units 
Dimensions Body Length 0.48 m 

Body Height 0.13 m 
Body Width 0.30 m 

Mass Properties Body Mass m 8.4 kg 
Moment of Inertia (COM, yaw axis) Iyaw 0.06 kg m2 

Moment of Inertia (COM, roll axis) I Toll 0.23 kg m2 

Moment of Inertia (COM, pit ch axis) Ipitch 0.18 kg m2 

Leg Mass ml 0.08 kg 
Leg Moment of Inertia (hip axis) I 1eg 0.001 kg m2 

Motor Properties Max. Hip Torque Tmax 5 Nm 
Max. Hip Speed <Pmax 5 revis 

Leg Properties Leg Length (unloaded) 2r 0.165 m 
Leg Spring Constant kT 1640 Nlm 
(radial, linear approximation) 

Table 2.1: RHex physical properties 

U sing the hardware described above, Chapters 3 to 5 present the development 

and testing of a bipedal gait for RHex. In terms of sensing and actuation, this bipedal 

gait is in strong contrast to the gaits described in this chapter. Further hardware 

details, including simplified component models, can be found in Section 6.2 (p. 77), 

in the context of a simulation of bipedal RHex. 



Chapter 3 

Sagittal Plane Running 

Controllers for Bipedal RHex 

As described in the introduction, this thesis presents a three dimensional bipedal 

running gait for bipedal RHex. The dynamics in the sagittal, frontal, and transverse 

planes are considered separately. Compared to the robots described in the literature 

review of Chapter 2, the low number of actuators used by bipedal RHex places sig­

nificant restrictions on solutions to the control problem of obtaining a stable gait. 

Accordingly, the relevant sensing and actuation issues are discussed in this chapter. 

Under these constraints, this chapter presents a sagittal plane balancing controller 

used to successfully create a bipedal gait on the RHex robot. Dynamics and control 

in the transverse and frontal planes are considered in Chapter 4. Experimental re­

sults obtained from this 3D, dynamic, stable running gait are presented, in depth, in 

Chapter 5. 

3.1 Leg Trajectory Generation 

Leg trajectory generation is a critical aspect of the bipedal RHex running con­

troller. The leg trajectory parameter generation approach taken here was motivated 

by that of the standard hexapedal walking controller implementation on RHex, which 

uses open loop and clock-driven leg trajectories [85]. The leg st ride cycle of hexapedal 

19 
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RHex is parameterized by four independent leg trajectory parameters: stance time t B , 

sweep angle c/Js, sweep offset c/Jo, and st ride period te. The desired leg position and 

velo city trajectories can be updated approximately twice per leg cycle. They consist 

of two phases linked by cubic splines: a constant velocity, assumed stance phase and 

a constant velocity, assumed flight phase, see Figure 3.1. The cubic splines provide a 

smooth transition between the fast and slow phases, but are omitted from Figure 3.1 

for clarity. The stance and flight phases are "assumed" sinee there is no feedback 

indicating whether the leg is actually in contact with the ground. For bipedal RHex 

a similar set of four independent leg trajectory parameters is used to describe the leg 

cycle, but a slightly different implementation was desired. 

Unlike hexapedal running, bipedal running is neeessarily a closed loop gait, and 

provision to update the leg trajectories every sampling instant is required. Also, the 

bipedal gait is limited by the motor torque-speed capabilities and the inability of the 

robot legs to track the desired position and velo city trajectories consistently causes 

failure of the gait (e.g. a fall occurs). Thus, it was desired that the motor torque and 

velo city limitations be easily accounted for in the leg trajectory generator. 
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Figure 3.1: RHex hexapedal walking leg trajectory [84]. Cubic spline blending of 
chords omitted for clarity. 
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3.1.1 Leg Thajectory Parameters 

For bipedal RHex, the following four leg trajectory parameters are used to specify 

the leg position and velo city trajectories: sweep angle <Ps, sweep offset <Po, stance 

velo city <Pd, and dut y factor {3. The sweep angle, <Ps, is the desired hip joint rotation 

angle during the assumed stance phase. The sweep velo city, <Pd, is the desired angular 

rate of the hip joint during stance. The desired mid-stance position of the leg position 

trajectories are offset from the vertical by an angle of <Po, the sweep offset. Recall that 

the dut y factor, (3, is the fraction of the totalleg cycle that a particular leg is in stance 

phase. These parameters are easily related to alternative choices of parameters such 

as the stride period te = <Ps/(~d{3), stance phase duration t s = <Ps/~d, or the flight 

phase duration tf = <Ps(1- (3)/(~d(3), for example. 

The values of leg trajectory parameters have a critical influence on the gait. 

The goal is to select parameters that produce stable limit cycles with respect to 

the body coordinates and orientation. The leg trajectory parameters are empirically 

chosen such that one full leg compression and decompression cycle occurs per leg 

per cycle. This creates roll and yaw oscillations with a frequency equal to the stride 

frequency, given by Equation (3.2), and vertical oscillations with twice this frequency. 

This makes the most out of the leg spring properties and promotes symmetry between 

strides. Such oscillations are also dependent on the physical configuration of the robot, 

including the spring-mass properties, mass moments of inertia, and robot geometry, 

which determine the natural response of the system. Relationships defining the leg 

trajectory parameters are controller dependent and are given in Sections 3.2.2 and 

3.2.3. 

te <Ps (3.1) 
{3 <Pd 

f 
1 

(3.2) 
te 

Ideally, the st ride frequency corresponds to the natural frequency of the system. How­

ever, in practice an empirical determination of the st ride period is required for several 

reasons. The legs have highly nonlinear stiffness properties that are dependent on foot 

location on the leg (see Figure 3.5(b)) and direction of the applied force. The legs 
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can also deflect in three dimensions. Furthermore, the system is a variable structure 

system-stiffness depends on the number of legs in stance. To further complicate the 

issue, a torsional pose dependent compliance is introduced by the motor. 

3.1.2 Clock Generated Trajectories 

The leg position and velo city trajectories are updated every sampling instant. 

The resulting trajectories are smooth due to the fact that the changes in the trajecto­

ries are small in comparison with the sampling period, which is nominally T = 1.5 ms. 

The location of the legs in the stride cycle is based on the cycle time, c E [0, 1): c = 0 

corresponds to the beginning of a stride while, c = 1- corresponds to the end. In 

order to maintain the correct phase relationship between the two legs, the cycle time 

corresponding to one leg is offset from that of the other leg by a constant relative 

phase equal to 0.5. Any other value would pro duce an asymmetric gait with respect 

to the sagittal plane. At each sampling instant, k, the cycle time is updated via 

Equation (3.3): 

(3.3) 

Stance and flight phases are assumed based on the cycle time because of the 

absence of touch-down and lift-off sensors (real or virtual). In the leg trajectory 

generator, the desired leg positions (c/Jr,d, c/JI,d) and velocities (~r,d, ~l,d) corresponding 

to the right and left legs, respectively, are calculated based on the cycle time and the 

four leg trajectory parameters, as shown in Figure 3.2. 

,pa' p, ,po T,d' l,d 

-Leg Trajectory 
Generator .. 

. -
C ~7,d' tPl,d 

Figure 3.2: Leg trajectory generator signal flow diagram 

For constant values of the four leg trajectory parameters, the leg velocity profile 

for the flight phase is trapezoidal, as shown in the top plot of Figure 3.3 and summa-
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rized in Table 3.1. The calculation of Ta is provided in Section 3.1.3. The trapezoidal 

profile was chosen because of the ease in which the maximum velocity and maximum 

acceleration saturations are accounted for. The constant velo city portion of the fiight 

phase exists only when the maximum velocity required by the trajectory exceeds a 

maximum velo city, Jmax, which is selected to be the no load speed of the hip joint. 

~d 
----'" ~ 
S 

"<:l_ 

.~ 

~max 
0 

c/>a 
::a' 

c/>a-c/>s 

S 
"<:l_ 

~ 

c/>a-2n 

0 f3 1 

Cvcle Time. c 

Figure 3.3: Reference leg trajectories for constant leg trajectory parameters in the 
robot body fixed frame 

Assumed Phase Start Phase End 
State Event Assumed Event Assumed Characteristic 

Event Event 
Stance c=o touchdown c=(3 liftoff cp = constant 
Flight c=(3 liftoff c = (3 + Ta cp = constant 
Flight c = (3 + Ta c = 1- Ta ~ = constant 
Flight c = 1- Ta c=l touchdown ~ = constant 

Table 3.1: Leg trajectory description 
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3.1.3 Leg Position and Velo city CaIculation 

Details of the trajectory implementation are discussed in this section. First it is 

necessary to determine if the constant velo city portion of the fiight phase is required 

due to motor speed limitations. Let rPP ("p" for protraction) be the angle covered in 

the leg fiight phase. The time required by the acceleration phases as a fraction of 

the stride period is Ta E [0, 1;,6]. Ta is found by defining the integral of the velo city 

profile over the fiight phase, as in Equation (3.5) below. 

(3.4) 

(3.5) 

This expression is solved for Ta yielding 

Ta = rPp~df3 / rPs ~ ~df3 .- ~max (1 - f3) , 
rPd - rPmax 

(3.6) 

using te = b. If Ta < 1;,6 then a constant velocity fiight phase is required. On 

the other hand, if Ta > 1;,6 then no constant velo city fiight phase is required, and 

the fiight phase is composed of two constant acceleration phases with Ta = 1;,6. 

Moreover, if Ta is less than sorne minimum value corresponding to the maximum 

desired acceleration, then the desired trajectory is not feasible. 

From the ab ove , trapezoidal velo city profiles are easily constructed. The desired 

leg position relative to a reference position, rPa, at any instant is obtained as the time 

integral of the velo city profile over the interval [0, cl. Let e be the pitch angle of the 

robot body, shown in Figure 3.5(a). Then the reference position in the robot body 

frame is rPa = rPs/2 + rPo + 1[/2 - e. Note that rPl,d( c = 0) = rPa and rPr,d( c = 0.5) = rPa. 

3.1.4 Actuator Saturation and Modifications for "S" Shaped 

Legs 

As already implied, actuator speed constraints are a major issue. This problem 

arises from the use of over-the-hip leg protraction (swing), which for the present 
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application has several advantages. Over-the-hip leg protraction is useful for obstacle 

clearance and eliminates the issue of "toe stubbing" during the leg flight phase. The 

latter, in turn, has the benefits of reducing the hip height required during the flight 

phase and/or the degree of actuation required. The major disadvantage of over-the­

hip leg protraction is that the average flight phase velocities required are increased 

by a factor of 27r;;fB. For example, for a typical stance sweep angle of <P8 = 1 rad, 

over-the-hip leg protraction requires the average leg flight phase speed to be 5.28 

times higher than for under-the-hip leg protraction. This places severe restrictions 

on the size of the achievable leg trajectory parameter space. 

In order to reduce the high actuator speed requirements placed on the leg trajec­

tory parameters by over-the-hip leg protraction, the legs were modified as follows: an 

additional, identical half-circle shaped leg was attached to each of the two hind legs, 

with a 1800 offset, as shown in Figure 1.1 (b) and 3.4. This "8" shape leg configura­

tion reduces the actuator speed requirements when not in stance, but otherwise does 

not fundamentally change the dynamics or control of the system. The "8" leg con­

figuration accommodat es the standard RHex hip speed capabilities by reducing the 

average flight phase speed required by a factor of ~~:'B. The test results presented in 

this thesis were generated with the "8" shaped legs. However, in order to show that 

the regular "C" leg configuration is possible for bipedal RHex, the motors, gearhead, 

battery voltage, and amplifiers were modified to change the torque-speed capabilities 

of the system. The details of the corresponding design changes and experimental 

results are presented in 8ection 5.5.3. 

For the "8" shaped legs, the previous leg trajectory algorithm can be used with 

the following modifications: <Pp must be changed from 27r - <P8' for the "C" shaped leg 

configuration to 7r-<P8' for the "8" shaped leg case. Also, each time c reaches the limit 

of the interval [0, 1), the reference position, <Pa, is rotated a half turn, <Pa = <Pa + 7r. 
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(a) (b) 

Figure 3.4: Leg configurations: (a) "C" shape, (b) "8" shape 

3.2 Running Controllers 

This section presents two sagittal plane running controllers. These running con­

trollers include the leg trajectory generator discussed in the previous section, inverted 

pendulum balancing and speed controllers, forward speed estimation, and a leg track­

ing controller. The first controller, Controller #1, uses the desired body pitch to 

regulate forward speed. This controller was extensively investigated experimentally 

and a detailed presentation of the resulting gaits is given in Chapter 5. A second 

controller, Controller #2, is inspired by hopping robot controllers and presented as 

a logical alternative for future work. Controller #2, however, was not implemented 

experimentally in the present work. 

3.2.1 Requirements and Limitations 

In the sagittal plane, the body of the robot acts like an inverted pendulum. 

Therefore, the equilibrium point about which the robot operates is unstable and must 

be stabilized by forces and torques transmitted to it at the hips. As stated in the 

introduction, one objective of this research is to study the feasibility of a minimalistic 

sensing and actuation approach. Therefore, it was desired to devise a controller that 
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uses one actuated degree of freedom per leg and a bare minimum of sensing. Ony 

body pitch and leg angle sensing are required for bipedal RHex. 

Only steady state running gaits are considered in this thesis. Non steady state 

or aperiodic behaviors, such as the transition from hexapedal to bipedal configura­

tions, or bipedal standing, are not considered. Simply stated, the control objective of 

the sagittal plane running controllers is to maintain an upright posture and control 

forward speed, given appropriate initial conditions. 

Because bipedal RHex has only two control inputs - one actuated DOF per leg, 

the set of possible toe (tip of the leg) positions with respect to the robot body is 

limited to a small workspace. Actuator torques can only be exerted about one axis. 

This situation is in strong contrast with all the powered robots presented in the 

literature review of Chapter 2. In addition, the foot location (point where leg and 

ground contact) varies along the leg depending on the leg angle, leg defiection, and 

the ground profile; however, only fiat horizontal ground is considered in this thesis. 

Thus, the effective length of the leg, le, and the effective leg angle, <Pe, vary according 

to leg angle and leg defiection and are shown in Figure 3.5(b). 

Figure 3.5(a) contains a schematic of the robot showing relevant points and 

coordinate systems. The XY Z frame is the inertial frame. The inertial frame has the 

X and Y axes forming a plane parallel to the ground. Let xyz be a robot body fixed 

frame. The y axis passes through the robot COM and the midpoint between the hips, 

while the x axis is parallel to the hip axis. A leg fixed frame x'y' z' is required with 

the x' axis perpendicular to the plane of the leg and the - z' axis passing through the 

hip and the corresponding leg tip, as in Figure 3.5(b). 
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(a) (b) 

Figure 3.5: Coordinate axes, variable and point definitions. 

3.2.2 Controller #1 

This sagittal plane running controller is hierarchical, with three levels of proportion al­

derivative (PD) controls for forward speed control, inverted pendulum balance control, 

and leg trajectory tracking. The primary motivation for using PD controllers is that 

they permit intuitive understanding of the control parameters that facilitates para­

meter tuning: stiffness and damping behavior correlate with the proportional and 

derivative terms, respectively. Parameter tuning is discussed further in Section 4.3. 

The elements of the overall block diagram, shown in Figure 3.6, are described in the 

following sections. 

Forward Speed P Control 

As already stated, the robot acts like an inverted pendulum in the sagittal plane. 

Gravit y generates a "tipping" moment if the COM is not vertically aligned with 

the location of the ground reaction force. Thus, for a constant body pitch angle, 

this moment must be balanced by applied forces or moments. The forward speed 
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controller manipulates this tipping moment to control the forward speed. The set­

point of the forward speed controller is the desired instantaneous forward speed at 

the midpoint between the hips, Vd. The forward speed controller 

(3.7) 

generates desired pitch angles, Bd, which serve as inputs to the inverted pendulum 

PD balancing controller. In the ab ove , ii is the estimated forward speed and the 

saturation function is defined as: 

sat(x) = { :min 

X max 

if x :::; Xmin 

if x > Xmin and x < X max 

if x;:::: X max 

(3.8) 

The pitch angle that generates zero net horizontal acceleration (constant aver­

age velo city) in the forward direction over a st ride is denoted by Bb; this value is 

assumed constant and is empirically determined. Because of the non-linear nature 

of the system, the effectiveness of simple linear controllers diminishes rapidly as the 

system moves away from the equilibrium point for which it was designed. This is the 

reason why the desired lean angle, Bd - Bb, is limited using the saturation function 

in Equation (3.7). Since both speed and body pitch need to be controlled simultane­

ously, but only one control input to the robot is available via ~d, the speed P control 

is set such that it responds more slowly than the more critical inverted pendulum 

balancing controller. More details on the choice of gain kvp as well as gains for the 

other controllers will be presented in Section 4.3. 

Inverted Pendulum Balancing PD Control 

The linear PD control in Equation (3.9) is used to maintain the desired body 

pitch: 

(3.9) 

This equation generates the desired leg stance acceleration, <Pd. The desired pitch 

rate, iJd1 is calculated online as the numerical time derivative of the desired pitch 
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angle commands: 

(3.10) 

Integration 

The desired stance velo city, 1;d, is obtained via integration of the desired leg 

stance acceleration and the current leg stance speed estimate, via 

iJ jlave (3.11) 

(3.12) 

where lave is the average effective leg length and is determined experimentally, as 

discussed in Chapter 5. 

Leg Trajectory Generator 

The meaning of the leg trajectory parameters and how they are used to generate 

leg trajectories was described in detail in Section 3.1. This section presents relation­

ships for the leg trajectory parameters that are specific to Controller #1. Several 

leg trajectory parameter relationships are considered and summarized in Table 3.2, 

where Cl to C7 are experimentally determined constants. 

AlI results presented in this thesis use leg trajectory parameter scheme A, as 

given in Table 3.2. The functional relationships for 1;8 and j3 in A are motivated by 

work done on hopping robots (e.g. [80]) and by biomechanics studies (e.g. [21, 54, 4]), 

which suggest that the sweep angle should be an increasing function of speed and that 

the dut y factor a decreasing function of speed. 

Leg trajectory parameter scheme B has been shown to be successful in exper­

imental trials. In B, the choice of t 1 = C6 is based on the fact that the duration 

of the single support phase has a strong influence on the amplitude of the body roll 

angle oscillation. Thus, tl was used to obtain an acceptable roll amplitude. The 

finalleg trajectory parameter scheme, C is included in Table 3.2 because one might 

expect that it is the most logical given that linear spring theory and biomechanics 
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studies suggest the stride period, te, be constant with respect to forward speed. How­

ever, this approach results in poor performance because the resulting f3 values are, 

for reasons beyond the scope of this discussion, not weIl suited to the behaviour. A 

more detailed discussion about the experimental determination of the leg trajectory 

parameter values and their effect on the gait is given in Section 4.3. 

Scheme Leg Trajectory Parameter 
Functional Relationships 

A CPd ~ Eq. (3.12) 

CPs - Cl + C2~d -

CPo - C3 -

f3 - C4 + C5CPd -

B CPd ~ Eq. (3.~2) 

CPs - Cl + C2CPd -

CPo - C3 -
(3 - f(~d,CPs 1 tj=C6) -

C CPd ~ Eq. (3.~2) 

CPs - Cl + C2CPd -

CPo - C3 -

(3 - f(~d, CPsl te=C7) -

Table 3.2: Leg trajectory parameter relationships for ControIler #1. The values 
depend on the hardware configuration. Specifie values are given in Section 6.4, p. 86. 

Leg Thajectory Thacking PD Control 

The desired left and right leg position and velocity trajectories are tracked with 

a PD controller that generates the desired left and right hip torques according to: 

Tl k<jJp(cpI,d - CPI) + krj;d(~l,d - ~l) 

k<jJp (CPr,d - CPr) + krj;d (~r,d - ~r)' 

(3.13) 

(3.14) 

The mot or torque is related to motor current by i = l<t' where Kt is the torque 

constant [NAm J. The mot or terminal voltage required to generate this desired motor 

current is calculated using the motor model shown in Figure 3.7. Thus, the desired 
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terminal voltages for the left and right mot ors are 

Vm,l [ 
Rarm N . ] 

sat TIN Kt Tl + Ks cPl (3.15) 

[ 
Rarm N .] 

sat NK Tr + K cPr 
TI t s 

(3.16) 

where, Rarm is the armature resistance ln], TI is the gearhead efficiency, Ks is the 

mot or speed constant [rat/s], and N is the gear ratio. The pulse width modulation 

(PWM) amplifier dut y cycle required to obtain the desired terminal voltage is then 

calculated using appropriate transformations, the details of which are not relevant 

here. 

+ 

+ 

VEMF 

Figure 3.7: Simplified motor model 

Beyond the objective of trajectory tracking performance the leg tracking control 

loop has a strong influence on the dynamics of the overall gait. In particular, the value 

of the proportional gain during stance is a critical factor in determining the dynamics 

of the gait. It introduces a pose dependent compliance that acts in series with the leg 

compliance. This issue is discussed in Section 4.3 in the context of parameter tuning. 

The PD leg tracking gains (i.e. kcjJp, kcjJd) are not constant; gain scheduling based on 

the cycle time, c, and the leg position is employed so that good trajectory tracking 

is achieved during the flight phase. A position requirement is included to ensure that 

the legs are actually off the ground because no touchdown or liftoff sensing is available 

on the robot. 
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State Estimation 

Because no sensor is available on the robot to measure its forward speed, the 

forward speed is estimated using the desired sweep velo city, ~d. Forward speed esti­

mation is discussed in detail in Section 3.3.2. 

3.2.3 Controller #2 

Motivated by Raibert's pioneering work on hopping robots, an alternative con­

troller is proposed that uses the desired foot position at touchdown to control forward 

speed. As in Controller #1, this controller uses an inverted pendulum balancing PD 

controller to generate motor torques that control the body pitch during the stance 

phase; however, in this case the desired pitch angle is fixed. For simplicity, a 2D 

sagittal plane version of the controller is considered; incorporating the roll and yaw 

angles into the calculations is straightforward. The control block diagram is given in 

Figure 3.8, and is described below. 

Forward Speed Controller 

As discussed in Chapter 2, the hopping robot literature emphasizes that the 

foot location at touchdown, relative to the robot COM, has a strong influence on 

the net horizontal acceleration of the robot COM produced during the stance phase. 

Following this line of thought, the leg trajectory parameters for this controller are 

selected so that the assumed touchdown event occurs at a desired distance ahead of 

the body COM. 

Let YI be the distance of the foot ahead of the projection of the COM on the 

ground at touchdown. Using Raibert's terminology, let Ylo be the neutral point that 

produces no net horizontal acceleration over a stride. For bipedal RHex, a function 

for the neutral point, Ylo = f(v), would be determined exp eriment ally. Then, YI is 

the sum of the neutral point term and a control term, Ylb., used to control the forward 
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speed. Equations (3.17) and (3.18) detail the calculation of Yt: 

Yt 

kvCD - Vd) 

Yio + Yt!:!.· 

36 

(3.17) 

(3.18) 

Let r be the perpendicular distance from the hip axis to the COM. The desired 

effective touchdown angle, cPe,d, can be found using (3.20): 

YCOM/H r cos () 

. -1 (Yi + YCOM/H) 
rhe d - SIn l . 'fi, 

e 

(3.19) 

(3.20) 

As presented in Section 6.2 (p. 77), the effective leg angle (shown in Figure 3.5(b), 

p. 28) is cPe = cP/2 for 0 < cP < 7r /2 . Using this, and that the assumed touchdown 

angle occurs at cP = cPs/2 + cPo + 7r /2 - (), the sweep angle cPs and offset cPo can be used 

to achieve the desired effective touchdown angle cPe,d: 

cPs + 2cPo = 4cPe,d + 2() - 7r. (3.21) 

The relationship between cPs and cPo would have to be determined experimentally, 

such that it satisfies the above. 

Leg Trajectory Generator 

Proposed leg trajectory parameter relationships for this controller are summa­

rized in Table 3.3, where Cs and Cg are constants. 

Scheme Leg Trajectory Parameter 
Functional Relationships 

D cPd ---t Eq. (3.12) 
c/Js, c/Jo -7 Eq. (3.~1) 

(3 - Cs + C9cPd -

Table 3.3: Leg trajectory parameter relationships for Controller #2 
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3.3 Sensing and State Estimation 

The controllers discussed in this chapter use minimal feedback, in particular, leg 

angles with respect to the body and body pitch. It will be shown in Chapter 5 that 

a stable, 3D, dynamic, bipedal gait can be produced with only these measurements. 

This section discusses the sensing requirements and the estimation of forward speed 

for the controllers presented in the previous sections. 

3.3.1 Requirements 

For bipedal RHex, pitch angle sensing is required. It is conceivable to have a 3D 

bipedal running robot that does not require pitch sensing; this would require that the 

robot body COM lie below the hip axis. However, this potentially results in ground 

clearance problems. In such a configuration, the body would act like a pendulum and 

be passively stable. This approach was taken by Zeglin [96], who built a two-actuated 

DOF planar monopod. 

In addition to pitch and leg angle measurements, body roll and yaw angle mea­

surements are available, as described in Section 2.3. It was found that significant 

improvement can be made to the bipedal gait by including a yaw angle feedback loop 

in the con troUer. A steering controUer is presented in Chapter 4 and the resulting 

performance is presented in Chapter 5. 

3.3.2 Forward Speed Estimation 

A forward speed measurement or estimate is required for both controUers pre­

sented in this chapter. There are a number of possible ways to measure the forward 

speed of the robot. Measurement options include on-board or off-board cameras, as 

weIl as various non-contact ranging systems (e.g. lasers). Further options include 

the use of a treadmill, moving harness, or ground contact mechanism, for example. 

However, for this application it was desired that the measurement or experimen­

tation approach taken not confine the robot to a particular test area, not require 

equipment external to the robot, and not limit potential applications. Conceptually, 
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accelerometers are a desirable solution; however, accumulated error and drift over the 

approximately 10 s test are a problem. Yet further options for speed measurement 

involve leg re-design and instrumented legs. This type of option would require slip 

rings or sorne wireless signal transmission scheme to pass signaIs from the legs to the 

robot body. Such a system is the subject of development work on the RHex robot 

[48]. 

With the exception of the passive dynamics based walkers, aU the robots dis­

cussed in the literature review of Chapter 2 have the ability to use joint angles and 

rates in conjunction with forward kinematics to determine the forward velo city of 

the robot. Of particular significance, large feet or non-rolling "point" contact feet 

have a stationary foot position (e.g. point F in Figure 3.5a, p. 28) with respect to 

the inertial frame during stance phase. In addition, joint deflections are known and 

can be measured in a straightforward manner because only rotational and prismatic 

joints are used. 

In the interest of simplicity and reliability, and in order to determine if additional 

sensors were, in fact, required, forward speed estimation approaches using hip encoder 

measurements or no measurements at an were pursued. Bipedal RHex's half-circular 

leg geometry and un-instrumented legs introduce several complications. Neither the 

effective leg length nor angle are known because neither the leg deflection nor the 

foot position with respect to the leg are known. In addition, it is not known whether 

the leg is in contact with the ground. Slipping is another issue; experimental trials 

involving high frame rate video have shown that significant slipping occurs during 

portions of the stance phase. 

It was found that no hip velo city measurement was necessary for forward speed 

estimation. The forward speed of the robot can be estimated based on the desired 

stance velo city, ~d, alone. To this end, a single-pole low-pass infinite impulse response 

(IIR) filter is employed: 

CPd,k 

tIIR -

(Xv~dk + (1 - (Xv) ~d,k-l 
-T 

ln (1 - (Xv)' 

(3.22) 

(3.23) 

where, ~d is a filtered version of the sweep velo city, (Xv is a parameter of the filter 



Chapter 3: Sagittal Plane Running Controllers for Bipedal RHex 39 

found from Equation (3.23), tIIR is the time constant ofthe filter, and k is the index 

of the sample (e.g. k and k - 1 are T seconds apart). The time constant of this low 

pass filter was set to 1.0 s (approx. 3 stride periods) in the experiments presented in 

Chapter 5. The estimated forward speed is then 

(3.24) 

The resulting forward speed estimate is smooth and was implemented successfully in 

experiment. 

Alternative approaches using hip measurements were also investigated. In prac­

tice, these approaches were not as weIl suited to the controllers presented in this 

chapter because the resulting speed estimate was not as smooth as with the open loop 

approach presented above. Other drawbacks of such approaches include the need for 

combining the data from the two legs, not knowing if a given leg is in contact with 

the ground, and the possibility of slipping between the foot and the ground. 

3.3.3 Touchdown Detection 

Touchdown event detection can be used in several ways. Reflex type control 

actions, which are common among hopping robots, can be employed. Touchdown 

detection could also be used to adaptively adjust the leg trajectory parameters so that 

the actual and assumed leg phases coincide. As mentioned previously, the leg state 

(stance or fiight) can be assumed based on the cycle time, c. However, an approach 

was considered where the leg states were estimated based on a partial model of the 

system. Touchdown detection was not employed for any of the test results presented 

in this thesis, for reasons discussed in this section. 

Touchdown detection was achieved on RHex in quadrupedal bounding and hexa­

pedal pronking gaits [12, 58]. These gaits have considerable aerial flight phases that 

allow under-the-hip leg protraction. The algorithm used involved protracting the leg 

in fiight to the desired touchdown angle and allowing adequate time for the leg motor 

currents to settle to zero. The touchdown event was then detected when the motor 

currents exceeded sorne threshold value. 
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In bipedal RHex, over-the-hip leg protraction results in high mot or currents and 

velocities during the fiight phase and it is not possible to stop the leg and wait for 

the motor currents to settle. Thus, an alternative approach was attempted. A closed 

loop ftight phase model of the motor, gearhead, amplifier, and leg inertia was used 

to calculate the current expected to be drawn by the motor, imodel, in the absence 

of external disturbances. The inputs used to calculate imodel were the desired leg 

position and velocity, and the measured battery voltage. As no motor current sensors 

were available on the robot, the actual motor currents were estimated using a model 

of the mot or and amplifier based on the measured battery voltage, leg velo city, and 

PWM amplifier dut y cycle. The equation for estimated mot or currents, i est , is given 

by Equation (5.1), p. 55 . This model for iest was identical to the one presented and 

validated in [59] for the RHex robot. 

This touchdown detection approach is based on the fact that the flight phase 

model does not reflect any currents due to disturbance torques exerted by the ground 

on the leg. Thus, the disturbance torque can be calculated: Tdist = Kt(iest - imodel) , 

where Kt is the motor torque constant. With the necessary filtering, Tdist was used 

to approximately detect the touchdown event. 

Initial tests using high frame rate video revealed a delay in detection of up to 

40 ms. (The duration of a typical stance phase is approximately 160 ms.) This 

delay, compounded by the fact that the high frame rate video equipment necessary to 

verify touchdown detection performance became unavailable, led to this touchdown 

detection approach being abandoned. One cause for the delay was filtering, which was 

required because of flight phase vibration of the leg. Another limitation was that, in 

sorne poses, the radial component of the leg force was much larger than the tangential 

force that generates load torques on the motors. A number of other touchdown 

detection approaches can be envisioned, but it was decided that the simplest approach, 

assuming the leg state based on the cycle time, was sufficient. 



Chapter 4 

Roll and Yaw Stability and Control 

The controllers discussed in Chapter 3 deal with sagittal plane dynamics. The 

dynamics in the transverse and frontal planes (shown previously in Figure 2.1, p. 7) 

also have a strong contribution to the overall dynamics, and are critical to the success 

of the gait. 

The dynamics in the frontal and transverse planes are naturaUy oscillatory due 

to the intermittent leg-ground contact and the wide hip spacing. Stable vertical oscil­

lations at twice the stride frequency and roll angle oscillations at the stride frequency 

are desired in order to compress and decompress each leg once per stance phase. The 

yaw and roll angle dynamics are of particular importance to the stability of the gait. 

Because only two actuated degrees of freedom are available to simultaneously 

control pitch, roll, yaw, and forward speed, passively stable roll oscillations are highly 

desirable. Passively stable roll oscillations can be encouraged by appropriate choice 

of the mass-stiffness properties, mass distribution, and hip spacing. Controller pa­

rameter values also have an important effect on the roll dynamics. Roll stability is 

discussed in Section 4.l. 

The mean value of the yaw angle over a st ride determines the forward direction 

of the robot. Experiments have shown that, once sufficiently disturbed, this angle 

is not stable and it increases exponentially until a faU failure occurs. Sorne turning 

is the result of, for example, uneven stiffness mat ching between the two legs, small 

mass distribution asymmetries, and mot or asymmetries. However, once sufficiently 

41 
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initiated, turning is unstable because the curvature of the robot's path results in an 

acceleration that causes the robot to "le an" more on the outside leg, resulting in 

a longer stance phase on one side. This generates an additional yaw moment that 

reinforces the turning motion. Steering, or yaw angle control, is accomplished by a 

differential modification of the leg trajectory parameters between the two legs, and is 

discussed in Section 4.2. 

This chapter concludes with a discussion of the gait and controller parameter 

tuning procedure. Proper determination of the gait and controller parameters is 

critical to the success of the gait. 

4.1 Roll Stability 

Roll stability is addressed on two levels. The first level is the effect of mass 

distribution, hip spacing, and the mass-stiffness properties on the unforced response 

of the system. Secondly, controller parameter values determine the forced response 

of the system. No active roll stabilization (Le. no explicit control) was implemented 

because of the limited number of actuated DOF available. 

4.1.1 Passive Roll StabiIity 

The mass distribution in the frontal plane is a critical factor in the roll dynamics. 

Murphy and Raibert [63] introduced a dimensionless group that they termed dimen­

sionless inertia, in the context of their study of bounding and trotting of quadrupeds 

in the sagittal plane. In the current bipedal work, the concept of the dimensionless 

inertia is applied to study roll oscillations in the frontal plane. In this case, the 

dimensionless inertia, ÎroU' is defined as 

A IroU 
Irou = mL2' (4.1) 

where ITou is the mass moment of inertia of the robot body about the y (roll) axis, m 

is the mass of the robot, and L is half of the hip spacing. This concept is expanded 

upon in the following development adapted from [72] using the simplified frontal 
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plane model given in Figure 4.1. Small angles, a single leg stance configuration, 

and planar dynamics are assumed. Summing forces in the z direction, and denoting 

the magnitude of the spring force above the static defiection by F, yields F = mz. 
Ignoring gyroscopic effects, deemed negligible, the moment equation about the COM 

yields F = Irolli / L. Combining these two equations, rearranging, and dividing by 

the half hip spacing results in (4.2): 

(4.2) 

mg 

r 

z 

~ 
COM/~I x 

1 L 

'--___ -tH 
• 

F+mg 

Figure 4.1: Simplified frontal plane model 

The left hand si de of Equation (4.2) is a ratio of the vertical acceleration of the 

hip, H, due to translation to the vertical acceleration of H due to rotation. Thus, 

intuitively, the dimensionless inertia is a measure of the "resistance" to rotation to 

the "resistance" to translation due to the mass distribution [72]. Figure 4.2 illustrates 

the interpretation of Equation (4.2). Murphy [64, 63] found that wh en Îpitch < 1 the 

body pitch of a quadruped can be passively stabilized in a bounding gait. Wh en 

the dimensionless inertia was greater than unit y the gait would have to be actively 

stabilized. 
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(a) (b) (c) 

Figure 4.2: The concept of the dimensionless moment of inertia: ( a) Îroll > 1, (b) 
Îroll = 1, and (c) Îroll < 1. [80] 

One might argue that minimizing roll oscillations using the mass distribution (e.g. 

Îroll > 1) is a good option to achieve stable motion in the frontal plane (e.g. attempt to 

minimize the roll oscillation amplitude). However, in this case, disturbances causing 

the body to roll are more difficult to correct. In its standard configuration, bipedal 

RHex has a dimensionless moment of inertia of Îroll = 1.27. Though close to one, this 

value indicates that the gait and controller parameters have to be carefully chosen 

so that the mass distribution of the robot does not have to be modified. Increasing 

the hip spacing can also lower Îroll, but this has the undesired effect of changing the 

transverse plane dynamics. Otherwise, lowering Îroll is problematic without increasing 

the mass of the robot significantly. This leads to the need for stronger legs and 

increased hip actuator torque. 

4.1.2 Forced Response 

The frontal plane dynamics are also strongly dependent on gait and controller 

parameters, the determination of which are discussed further in Section 4.3. Firstly, 

the leg tracking PD control law causes the mot or to act like a torsion al spring. The 

proportional gain, k</>p, introduces a compliance that, depending on the robot's pose, 

can act in series with the leg compliance. In addition, the controller continually gen­

erates motor torques that allow the legs to track the desired position and velo city 

trajectories, which based on the leg trajectory parameters, determine the st ride pe­

riod, te. These leg motions create a forced response that is different from the natural 
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passive response. Ideally, the passive dynamics and controller forcing of the gait are 

compatible. For example, given the passive dynamics, the st ride period dictated by 

the controller should, ideally, produce periodic roll oscillations with the same period. 

Besides their role in determining the st ride period, the leg trajectory parameters 

also determine the fraction of the stride during which double stance exists, if at aIl. 

Increasing the amount of double stance changes the average spring stiffness properties 

of the system over the stride. This has the effect of reducing the roll oscillation 

amplitude by reducing the duration of the single support phase. 

4.2 Steering Controller 

This section presents a steering controller devised for bipedal RHex. In Chapter 5 

it will be shown that this steering controller is critical to achieving a high experimental 

success rate. This controller adds a yaw angle, 'ljJ, feedback loop to Controller #1, 

presented in Chapter 3. The corresponding block diagram is presented in Figure 4.3. 

The steering controller devised for bipedal RHex differentially changes the leg 

trajectory parameters between the left and right legs such that the stride period, te, 

is maintained by both the left and right leg. This ensures that the relative phase 

(defined in Section 3.1.2) between the legs is maintained. 

The wide hip spacing of the robot results in a yaw oscillation with an amplitude 

of up to 6° and a period equal to te. Because this yaw angle oscillation is superimposed 

on the yaw angle defining the forward direction of the robot, sorne measure of the 

forward direction of the robot is required. To this end, the measured yaw angle 'ljJ is 

filtered using a low pass single pole filter, producing i/;, which is used in the control 

law as a measure of the direction of forward progress: 

(4.3) 

ln the ab ove , Œ7/J is a parameter of the filter, and k is an index indicating the sample 

number. The time constant of the filter is -T / ln (1 - Œ7/J), where T is the sampling 

period. The need for the yaw angle filtering, or sorne other means of accounting 
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for the yaw oscillation over each stride, is clearly visible in the experimental data 

presented in Figure 5.5, p. 61. 

To achieve steering, the desired left and right leg sweep velocities, cPd,Z, cPd,r, are 

respectively incremented and decremented by ~ according to: 

sat [k~p( if; - 'l/Jd)] 

(1 + ~)~d 
(1- ~)~d, 

(4.4) 

(4.5) 

(4.6) 

where, 'l/Jd is the desired yaw angle, sat(x) is the saturation function defined in Section 

3.2.2, and the land rare subscripts that refer to the left and right leg, respectively. 

The sweep angles for the left and right legs are then modified to maintain the correct 

st ride period, te = ft, as per 

~d,Zf3te 

~d,rf3te' 

(4.7) 

(4.8) 

Conceptually, it seems reasonable that other combinations of leg trajectory parame­

ters could be used to achieve steering control. However, alternative combinations 

were not investigated in this thesis. 

For the experimental testing presented in Chapter 5, it was desired that the robot 

travel in a straight line so that accurate average velo city calculations could be obtained 

from ground truth position and time measurements. In order to improve the steering 

performance for this application, a line tracking term was added to Equation (4.4): 

(4.9) 

In the above equation, d is the estimated lateral displacement (displacement in the 

X direction) of the robot. The lateral displacement of the robot is estimated using 

the estimated forward speed, v, and the yaw angle, 'I/J, according to 

k 

d = L Vk sin ['l/Jk - if;o]T, (4.10) 
o 
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where i/;o is the filtered yaw angle at the beginning of the test. This lateral displace­

ment estimation scheme was verified using a measuring tape attached to the fioor 

parallel to the finish line of a 5 m test track. The accuracy of the lateral displacement 

estimate was found to be within the accuracy that a human observer could reasonably 

estimate the location of the ground projection of the midpoint between the robot hips 

using a measuring tape as the robot crossed the finish line, approximately ±5 cm. 

4.3 Parameter Tuning 

The bipedal gait studied in this thesis is sensitive to small control parameter 

variations. The dependence of the gait on the gait parameters and controller para­

meters, combined with a lack of a practical framework to obtain suit able values for 

these parameters, is a weakness of the control approach. This circumstance is partly 

an outcome of the minimalist approach to the design of the platform, in particular, 

the use of minimal sensing and actuation for the robot. Complexities in realistically 

modeling friction properties, nonlinear stiffness and damping in the legs, and complex 

ground-robot interactions do not allow this task to be easily transferred to simulation. 

Thus, manual experimental parameter determination is required. 

As discussed in Chapter 2, there have been several successful non-manual exp er­

imental approaches to parameter tuning of legged gaits that include on-line optimiza­

tion and learning algorithms. As discussed in Chapter 2, a remarkably successful 

example is presented in [94] for a tripod gait on the RHex robot. However, such 

approaches are generally not feasible for the bipedal gait presented in this thesis be­

cause the gait is so sensitive to parameter variations that, even if an initial working 

gait is available as a starting point, an excessive percentage of unstable trials would 

result. This section discusses the manual tuning procedure adopted for the key pa­

rameters influencing the bipedal gait. The primary complication is the large number 

of parameters and the significant coupling that exists between them, in terms of gait 

performance. The result is a manual tuning procedure that is highly labor intensive, 

dependent on the operator's skill, and whose outcome is uncertain. 

For a given forward speed set-point, Vd, the key gait and controller parameters 
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requiring tuning are listed below. Furthermore, a number of other less critical con­

stants, not listed here, are required (e.g. bounds on variables). 

• Balance angle, ()b 

• 2 PD leg tracking gains: kq;p, kq;d 

• 2 PD gains for the inverted pendulum balancing (pitch) controller: k8p, k8d 

• 1 P gain for the inverted pendulum forward speed controIler: kvp 

• 1 P gain for the steering controIler: k'IfJp 

• 4 independent leg trajectory parameters, <Pd, {3, <Po, <Ps, and their functional 

relationships (see Table 3.2) 

• 1 filter parameter for forward speed estimation: av 

• 1 filter parameter for the steering controller: a'IfJ 

As discussed previously, a key desired characteristic of the gait is roll oscillation 

at the same frequency as the stride frequency. This allows smooth leg spring com­

pression cycles to occur, making the most out of the spring properties of the leg and 

promoting symmetry between strides. As suggested in previous sections, such a roll 

oscillation is also a function of gait and controller parameters. Also, as discussed 

previously, yaw oscillations play an important role in the gait, particularly in body 

path stability. Therefore, one of the primary objectives of the tuning procedure is 

to obtain good frequency and phase relationships between these signaIs and the leg 

oscillation. Figure 4.4 shows power spectra for the roll, yaw, and leg velocity signaIs 

obtained using a Fast Fourier Transform (FFT) for a successfully tuned gait. This 

figure shows that the roll angle, yaw angle, and leg velo city signaIs each have one weIl 

defined frequency component. In addition, these values are approximately equal to 

each other. Such plots were used as a tool in the parameter tuning procedure. Not 

surprisingly, it has been observed that less smooth and less symmetric gaits have less 

weIl defined power spectra peaks, strong contributions from multiple frequencies, or 
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poor correspondence between the roll and leg velo city spectra. Correspondingly, such 

gaits also tend to be less stable. 
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Figure 4.4: Roll, yaw, leg velocity power spectra plots. 

7 8 

The parameter tuning procedure is a highly iterative process. The remainder 

of the chapter outlines key elements of the tuning procedure. For the PD control 

loops, the standard stiffness and damping reasoning provides an intuitive way to tune 

the gait parameters. As mentioned previously, this is a primary reason for using PD 

controllaws in this work. 

Leg tracking PD gains play an important role in the gait. The P gain contributes 

to the stiffness of a fictitious spring (i.e. body spring) that extends from the body 

COM to the foot location. A lower limit exists for the P gain, at which the leg cannot 

track the desired trajectories. The preferred P gain is typically only slightly above 

this lower limit. The D gain can be chosen based on measured leg velo city data so 
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that the response is satisfactorily damped. 

A preliminary determination of the leg trajectory parameters can be made with 

the balancing and speed controllers turned "off". To do so, experiments are performed 

in which the operator constrains the body pitch angle such that the robot approxi­

mately balances while moving at the forward speed set-point. AlI four leg trajectory 

parameters affect the timing and nature of the touchdown and liftoff events and an 

appropriate correspondence between the actual and assumed touchdown and liftoff 

events must be obtained. This procedure is constrained by actuator torque-speed 

capabilities, which limit the set of achievable leg trajectory parameter sets. 

Once acceptable leg trajectory parameters and leg tracking PD gains have been 

obtained, a first determination of the PD balancing gains can made with the speed 

controller turned "off". The balance angle cannot be calculated using statics because 

the point where the ground reaction force acts is a function of the robot dynamics and 

it varies over the stride. The balance angle should be empirically chosen such that 

the magnitude of the forward acceleration of the robot is minimized. This value can 

be revised once the speed controller is enabled so that the desired lean angle (defined 

in Section 3.2.2) is zero for a constant forward speed. Next, with aIl controllers "on", 

the speed controller gains are chosen such that the dynamics of this controller are 

slower than the balancing controller. 

After preliminary determinations have been made for aIl parameters, recorded 

experimental data and intuition are used to iteratively improve the gait. The steering 

controller can be tuned independently of the other controllers. 



Chapter 5 

Experimental Results 

This chapter presents results obtained from analysis of recorded controIler and 

sensor signaIs as weIl as video recordings from bipedal running experiments. Baseline 

results were obtained using the hardware configuration given in Table 5.1. Steer­

ing control and velo city control performance are then demonstrated with additional 

experimental data sets using the baseline hardware configuration. The effect of hard­

ware modifications, including different radialleg stiffness values and increased lateral 

leg stiffness, are then considered. In addition, preliminary findings obtained using 

"C" shaped legs and upgraded power supply, amplifiers, and motors are presented. 

The foIlowing table outlines the physical configuration of the robot for experiments 

presented in this thesis. 

Radial Leg Leg Leg Power Supply, 
Configuration Stiffness Width Shape Motor, Gearhead 

(N/m) (mm) Specifications 
Baseline (Sec. 5.2) 1640 25 "S" 24V, RE25, 33:1 
B (Sec. 5.5.1) 1492 25 "S" 24V, RE25, 33:1 
C (Sec. 5.5.1) 2250 25 "S" 24V, RE25, 33:1 
D (Sec. 5.5.2) 1620 34 "S" 24V, RE25, 33:1 
E (Sec. 5.5.3) 1620 34 "C" 34V, RE30, 14:1 

Table 5.1: Summary of hardware configurations 

52 
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5.1 Experimental Method 

Experimental results were produced by running the robot repeatedly over a test 

track. The test track consists of a standard linoleum floor marked with 2 m wide 

retro-reflective tape lines, spaced 5 m apart. Suitable initial conditions are provided 

by manuaIly starting the robot in an upright posture at a distance of approximately 

2 m from the start line. The robot senses the start and end reflective tape lines 

via a downward facing infrared (IR) sensor and records time data required for the 

calculation of the actual average forward speed, average power, and total lateral 

displacement. 

Simple pragmatic criteria are used to assess body, body path, and gait stability. 

Two modes of failure were considered with respect to body stability. If the robot 

faIls, the test is recorded as a faIl failure. If the estimated forward velo city error is 

greater than 15% at the finish line, the trial is recorded as a speed controller failure. 

Body path stability is judged based on the total lateral displacement of the robot's 

path over the length of the test track. If the robot crosses the finish line with a lateral 

displacement greater than 1 m (d >1 m), the test is recorded as a steering failure. A 

run that does not faU into the any of the above categories is considered a successful 

run. A data set normaUy consists of a total of ten runs. 

5.2 Baseline Results 

This section presents results obtained with the baseline hardware configuration. 

First, the baseline test results are used to illustrate typical signal plots. These plots 

provide information about the gait dynamics and are use fuI in analysis of the con­

troUer. The performance of the forward speed and steering controllers are then pre­

sented. 

5.2.1 Signal Plots 

Figure 5.1 contains plots of the four standard leg trajectory parameters and the 

corresponding stride period over the 5 m test track (approximately 21 strides). The 
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leg trajectory parameters show sorne fluctuation but the mean values are constant, 

thus showing good gait stability. Note that the sweep velo city and sweep angle are 

slightly different for each leg; this is the result of the steering controller discussed in 

Sections 4.2 and 5.2.3. 
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Figure 5.1: Leg trajectory parameter plot. Leg 3 is the left leg and Leg 6 is the right 
leg. 

Figure 5.2 contains leg velo city and position profiles for two complete strides. 

Recall that leg rotation in the negative direction causes the robot to move forward. 

Background shading is used in the figure to emphasize the assumed phase. No shading 

corresponds to both legs in stance phase; light shading corresponds to the left leg (leg 

3) in flight and the right leg (leg 6) in stance; darker shading corresponds to leg 6 in 

flight and leg 3 in stance. Thus, for baseline results, about 20% of the cycle is spent 

in the assumed double stance phase. 
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The lower plot of Figure 5.2 contains a plot of the estimated leg motor currents. 

The motor current is estimated via a simple motor, gearhead, and amplifier model 

given in Equation (5.1), where Vs is the supply voltage [V], Ks is the motor speed 

constant [(radfs)fV], ~ is the leg velocity [radfs], N is the motor gear ratio, a is 

the commanded pulse width modulation (PWM) H-bridge amplifier dut y cycle, R amp 

is the resistance of the mot or amplifier circuit [D], and Rarm is the motor armature 

resistance [D]. This model neglects the armature inductance (Larm = 0.12 mH) and 

was presented and validated in [59]. The maximum possible current draw for a given 

speed is also included in the plot. It is calculated using Equation (5.2) for quadrants 

1 and III of the torque-speed curve. In quadrants II and IV the full stall current is 

available, as long as the current does not exceed a 10 A limit imposed by thermal 

limitations of the motor amplifiers. 

aVs - N~fKs 
Rarm + a2 

R amp 
(5.1) 

Vs-N~fKs 
Rarm + R amp 

(5.2) 

Because mot or current is proportional to the output torque of the motor, it 

provides insight into the leg-ground interaction and the gait dynamics. From the 

plot, it is apparent that the mot ors are saturated for a significant portion of the 

fiight phase. However, no motor saturation occurs during stance. The estimated 

motor CUITent provides a means to approximately assess how closely the actual phase 

matches the assumed phase of the gait. The plot shows that after the assumed 

liftoff event, there is a considerable velocity error and a negative current spike. This 

indicates that the leg is still on the ground wh en the assumed fiight phase begins. 

The actual fiight phase begins at the small upwards notch circled in the velocity 

profile. This notch occurs when any residual compression in the leg is released. The 

negative current spike at the beginning of the assumed stance phase, shortly after 

the fiight phase braking of the leg, occurs after the touchdown event. Thus, the leg 

motor current plot suggests that the actual touchdown and lift off events do not closely 

match the touchdown and lift off events that are assumed in the trajectory controller. 

An effort was made to tune the gait parameters to achieve a closer correspondence 
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between the actual and assumed phase transitions; however, this had a detrimental 

effect on the stability of the gait, and this issue is discussed further in the following 

sections. 
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Leg velocity, position, and motor current plots 

Figure 5.3 shows the tracking performance of the balancing controller and the 

corresponding desired acceleration, ~d' The top plot shows the desired and actual 

lean angles (angles from the specified balance angle, Ob)' The error is generally less 

than 2°, with spikes of about 3°. The forward speed of the robot is quite sensitive to 

the lean angle. In this case, the desired lean angle, Od is required to vary by less than 

2° over the course of the test to stabilize the forward speed. 
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Figure 5.3: Balancing controller signal plot 
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As discussed in Chapter 3, the forward speed controller uses a forward speed 

estimate based on an approximate average leg length and a low pass filtered value 

of the desired sweep velo city. The average effective leg length during stance, used in 

the forward speed controller, depends on the stiffness of the legs. It was found to be 

143 mm for the baseline legs, compared to an uncompressed length of 165 mm. The 

upper plot of Figure 5.4 shows velo city terms at the hip joint level: sweep velo city and 

the low-pass filtered sweep velo city. The time constant of the low pass filter used in the 

forward speed estimator is approximately 1 s (equivalent to approximately 3 strides). 

Interestingly, the desired sweep velo city fiuctuates significantly. The resulting torques 

generated via the leg tracking PD loops are required to correct pitch and pit ch rate 

errors. The lower plot shows the desired forward speed, estimated forward speed, 

average estimated forward speed, and the actual average forward speed. It shows good 

tracking of the set-point, Vd, with an average error of 2.6% between the estimated 

and desired forward speeds. Note that the actual average speed is calculated as the 

distance between the tape lines divided by the time taken to complete the test. 
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Forward speed control is demonstrated in this section. Experimental data sets, 

consisting of 10 runs each, were obtained for three speed set-points: 0.64, 0.86, 

and 1.15 mis. This corresponds to nominal sweep velocities at the hip of 4.5, 6, 

and 8 rad/s, respectively. Additional experiments showed that, with the baseline 

hardware configuration, the minimum speed was 0.57 mis, and the maximum speed 

was 1.26 mis. Five data sets were produced for the aforementioned speed set-points, 

with the steering controller enabled. The data is presented in Table 5.2. The table 

also provides power consumption and efficiency data, which are discussed further in 

Section 5.4. 

The mean error in average speed was 4.3% for the three 10 trial data sets. Over 

these 30 trials, the average error in the average estimated speed was 0.005 mis with 

a standard deviation of 0.03 mis. The maximum error was 0.05 mis. These results 

demonstrate good tracking of the speed controller set-points. 
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Data Set Speed Aetual Speed Average Specifie # Trials 
Number Set-Point Average Speed Error Power Resistance 1 Sue cess Rate 

(mis) (mis) (%) (W) 
1 0.57 0.61 7.0 78.3 1.55 1 1 100% 
2 0.64 0.67 4.7 78.9 1.42 10 1 100% 
3 0.86 0.87 1.2 85.5 1.20 10 1 100% 
4 1.15 1.07 -7.0 94.9 1.07 10 1 100% 
5 1.29 1.28 -2.2 95.7 0.92 1 1 100% 

Table 5.2: Forward speed controller experimental data. 

5.2.3 Steering Control 

In order to demonstrate the performance of the steering controller, a 10 trial 

experiment was performed under the exact same conditions as in data set #2 of Table 

5.2, but with steering controller disabled. The lateral displacement, d, of the robot 

over the length of the track was used as a measure of controller performance. U sing 

the stability criteria presented previously, 5 of 10 experiments resulted in steering 

failures. 

From a stability standpoint, it is evident that the steering controller is an impor­

tant component of the overall controller for the given hardware and velo city set-point. 

Table 5.3 presents the totallateral displacement over the length of the test track to 

further quantify the steering controller performance. Linear extrapolation was used 

to calculate the lateral displacement of the robot path when the robot left the track 

before completing the trial. This type of extrapolation is conservative because, once 

sufficiently initiated, turning is unstable, as discussed in Chapter 4. The data shows 

that the steering controller results in a vast improvement in the robot's ability to 

run in a straight line. It must be noted that the stability of the robot's direction de­

pends on, for example, the forward speed set-point, leg characteristics and controller 

parameter values. 
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Steering Data Set Speed Specifie Mean Lateral Standard # Trials 
Controller Number Set-Point Resistance Disp., d Deviation 1 Success 
Enabled (mis) E (m) of d (m) Rate 
Yes 2 0.64 1.42 -0.09 0.24 10 1 100% 
No 6 0.64 1.38 -0.69 0.87 10 1 50%1 

Table 5.3: Steering performance tests. 1 Using a forward speed error of 10% (instead 
of the regular 15%) in the speed stability definition presented in Section 5.1 results 
in a 20% success rate. 

Figure 5.5 illustrates the performance of the steering controller. The data set 

used is the same as in the baseline results section, Section 5.2. The middle plot 

shows lateral displacement as a fun ct ion of the estimated distance traveled. Equally 

scaled axes essentially provide an aerial (i.e. plan) view representation of the body 

trajectory. The vertical dashed line represents the ground truth 5 m mark, providing 

an indication of the performance of the forward speed estimation. The upper plot 

shows the tracking performance of the steering controller with respect to forward 

direction. It also demonstrates the necessity of the low pass filter in the steering 

controller. In this case, the amplitude of the yaw oscillation is approximately 10°. 

Finally, the lower plot is the resulting steering controller output, ~, which represents 

half the fractional difference in the desired sweep velo city between the two legs, as 

defined in Section 4.2. The value is small, generally on the or der of 1 %, and is limited 

to 3% by the controller. 
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Figure 5.5: Steering plot. Yaw angles were obtained from gyroscope measurements. 
The time constant of the low pass filter was 0.5 seconds. 

5.3 Qualitative Analysis of the Gait 

As discussed in Chapter 2, the difference between running and walking is char­

acterized by how kinetic and gravitational potential energies are exchanged, and in 

the role of elastic energy storage. In the bipedal gait currently under study, the hip 

height has been observed to reach its lowest point during stance. High frame-rate 

video analysis shows significant use of leg compliance, a characteristic of running. 

However, the gait also displays several characteristics normally associated with walk­

ing gaits. Most notably, this includes the existence of a double stance period. It is 

useful to break down the gait in terms of several characteristics used in the analysis of 

walking gaits: pelvic rotation (body yaw) , pelvic tilt (body roll), and lateral displace-
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ment. These are three of the six characteristics known as the determinants of normal 

walking gaits [53]. (The other three characteristics are not possible with RHex.) AlI 

three result directly from the spacing of the hips. Here, the lateral displacements dis­

cussed are small oscillations of the robot body in the x direction (See Figure 3.5) that 

repeat on a stride-to-stride basis, as opposed to the lateral displacement discussed in 

Section 5.2.3, which refers to the displacement of the robot path over the duration of 

the test. 

Pelvic rotation 

A yaw oscillation of approximately 9 to 12° peak-to-peak and period equal to te 

(see Figure 5.5) is observed in all data sets. During the single support phase, the hip 

corresponding to the flight leg swings forward relative to the other hip. This pelvic 

rotation increases the stride length by up to 15-20%, a significant increase. 

Pelvic tilt 

During the single support stance phase, the flight leg hip faIls slightly during 

the single support phase. Over-the-hip leg protraction allows a gait with such a 

characteristic without any risk of toe-stubbing; no additional degrees of freedom are 

required. Pelvic tilt can lessen the vertical displacement required by the COM. Fig­

ure 5.6 contains a roll angle plot for a weIl tuned gait. For the experiments performed, 

the peak-to-peak roll amplitudes were typically 4-6°. 

4.-.-----.----,-----r----~--~----_r----~----._--~--~ 

-4~~----~--~----~----~--~----~----~----~--~--~ 
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Figure 5.6: Body roll amplitude of a well tuned gait 
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Lateral displacement 

Lateral displacement occurs when the robot's COM oscillates in the x direction. 

Because of the lack of accurate measurement data to this efIect, only a qualitative 

assessment of the lateral displacement can be obtained using video recordings. Sorne 

degree of lateral displacement is inevitable given the spacing of the hips and feet. 

However, the displacement amplitude is increased greatly if the legs bend significantly 

out of a plane perpendicular to the hip axis. Lateral displacement was found to be 

detrimental to the gait, as will be discussed in Section 5.5.2. 

5.4 Energetics 

Energy efficiency is very important in most vehicle applications. This is partic­

ularly true for small electrically actuated robots, because currently available energy 

storage technologies carry significant size and weight penalties. This section attempts 

to answer energy related questions with the hope that the answers can lead to in­

sights about the gait and how it can be improved. How is energy efficiency related to 

speed? How is energy efficiency related to controller parameter variations? Further 

motivation to look at energy efficiency in legged locomotion is that there is reason to 

believe that it correlat es with stability because less stable gaits "waste" energy [94]. 

Specifie resistance was proposed by Gabrielli and von Karman [28] as a measure 

of energy efficiency to compare vehicles on the same scale, regardless of size, speed, 

or form. This dimensionless ratio can also be used to compare man-made vehicles to 

biological systems, a logical comparison wh en studying legged robots. Here, specific 

resistance is defined as 

E= , 
mgvave 

Pave 
(5.3) 

where Pave is the average power input, m is the mass of the system, 9 is the grav-

itational acceleration, and Vave is the average speed. The definition of power input 

is an issue that must be addressed. One possibility is to use the mechanical power 

used by the actuators to generate the required motions. This directly addresses the 

performance of the gait, but neglects the cost of generating the actuator inputs. Al-
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ternatively, the average total power input will be used in this analysis, an approach 

frequently employed in the literature. This approach facilitates the computation of 

specific resistance and generates a more practical, fair value for comparison. 

Figure 5.7 shows how power and specific resistance are related to speed for the 

baseline configuration (see also Table 5.2). Although power requirements increase 

with speed, the specific resistance decreases significantly. This trend is also seen in 

other robots such as the ARL Monopod [32] and the ARL Scout II [73]. Note that 

the controller parameters were not tuned for each speed to generate the results for 

Figure 5.7. 
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Figure 5.7: Specific resistance and average power versus speed plot for the baseline 
hardware configuration. IThe average power is calculated based on the total electrical 
power output of the batteries. 

The best specific resistance values obtained for bipedal RHex were approximately 

0.9 for a forward speed of 0.94 mis using hardware configuration D (see Table 5.6). To 

put these energy efficiency resuIts in context, Figure 5.8 shows the specifie resistance of 

variou8 vehicles and robots, and for various human tasks. We see that RHex compares 

favorably to the ARL Scout II, RHex pronking, RHex bounding, and un-optimized 

RHex tripod gaits. The plot is roughly divided by system type. Passive gravit y driven 

walkers and robots based on such passive walkers, such as the Cornell Biped, appear 

respectably in the lower left portion of the plot with efficiency values comparable to 

those of human walking, running, and cycling. Running and hopping robots generally 
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appear with specific resistance values approximately one to two orders of magnitude 

higher. Of the systems surveyed, wheeled vehicles offer comparatively high efficiency 

and speed. However, this data should be viewed with caution because of significant 

differences in the systems compared. For example, the MIT quadruped is a 25 kg 

robot powered by an off-board hydraulic pump. The corresponding specifie resistance 

does not refiect the fact that the robot does not carry its power supply. AIso, the 

environments in which each system operates may be different. For example, McGeer's 

walker is restricted to walking down shallow inclines, powered by gravity. 
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Figure 5.8: Representative specifie resistance values for humans, robots, and various 
vehicles. References: McGeer walker [51]; human walking and running [50]; human 
cycling [78]; Honda Accord sedan [1] estimated based on EPA highway fuel economy 
and speed, optimized RHex tripod [94]; MIT quadruped [81] with Pave based on 
hydraulic pump input only, RHex tripod for various terrain [85]; RHex bound [12]; 
Cornell biped [16] 
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Power consumption was analyzed in terms of the leg phase. The first trial of 

the baseline results is used as a typical data set. Electrical power consumption is 

tabulated by phase for both legs in Table 5.4(a). Since only the assumed phase 

is known accurately, data from a bench test with the robot legs off the ground is 

included to get an estimate of the energy required to swing the leg in the flight phase. 

Electrical energy estimates, E, for each leg j are computed via Equations (5.4) -

(5.5), where Vm is the motor terminal voltage, iest is the estimated motor current 

obtained from Equation (5.1), and q is the st ride number: 

(5.4) 

(5.5) 

The estimated average power, ?, for each assumed phase and per st ride are given 

by Equations (5.6) to (5.8). 

?stance,j 

?jlight,j 

?stride,j 

Estance,j 

tloq - ttdq 

Ejlight,j 

ttdq+1 - tloq 
E jlight,j + E stance,j 

ttdq+l - ttdq 

(5.6) 

(5.7) 

(5.8) 

From Table 5.4(a), we see that power requirement in the fiight phase is about 3 

times that of stance. Comparing the fiight phase for the running experiment and the 

bench test, we see that the running experiment flight phase power requirements are 

about 11% higher. Again, this suggests that the leg is on the ground during part of 

the assumed fiight phase. 
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Estimated Power Estimated Power Estimated Power 
Pstance (W) Pjlight (W) Pstride (W) 

(Running / Bench Test) (Running / Bench Test) (Running) 
Left (leg #3) 7.1 / 0.7 31.5 / 23.5 16.4 
Right (leg #6) 11.8 / 1.2 32.3/ 27.2 19.8 
Average 9.5 / 1.0 31.9 / 25.4 18.1 

(a) 

Power, P Energy, E Fraction of 
(W) (J) Total (%) 

Stance (estimated) 9.5 (per leg) 3.14 14.3 
Flight (estimated) 31. 9 (per leg) 6.67 30.4 
Legs #1,2,4,5 (measured) 2.1 0.58 2.7 
Robot electronics (measured) 42.7 11.55 52.7 
Total1 81.1 21.93 100.0 

(b) 

Table 5.4: Electrical energy requirements by leg phase. Estimated values are based 
on model-based mot or current estimation. INote that in order ta obtain the esti­
mated total power in the first column, the dut y factor must be used to weight the 
contributions of the stance and flight phases. 

In Table 5.4(b), we see that about half of the energy consumed goes to the 

electronics overhead that includes computation, sensors, and communications, for 

example. The energy expenditure used to swing the leg during the flight phase is 

more than 2 times that of stance phase. For this experiment, the average measured 

battery power was 82.5 W showing a 1.8% error compared to the mot or current 

model-based estimate of 81.1 W, as seen in Table 5.4(b). This suggests that the 

motor current estimates are reasonably accurate. Flight phase energy requirements 

are expected to account for an even higher proportion of the energy consumption for 

the "C" leg configuration, where the leg must cover a 2:~:'s times larger distance in 

approximately the same amount of time. 

The energy efficiency of the gait depends on both the hardware configuration 

and the controller parameter values. The effect of the leg trajectory parameters, 
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for example, will be shown in Section 5.5.2 for hardware configuration D, where the 

baseline leg trajectory parameters were modified to reduce the specific resistance from 

1.05 to 0.90. The data is presented in Table 5.6, p. 72. 

5.5 Hardware Modifications 

The primary motivation for the hardware modifications presented in this sec­

tion was to exploit any potential performance advantages in terms of, for example, 

efficiency, reduced sensitivity to initial conditions and disturbances, and reduced con­

troUer parameter sensitivity. EquaUy important a motivation was to generate insight 

into the mechanics of this bipedal behavior. 

5.5.1 Modified Radial Leg Stiffness 

The radialleg stiffness is a key mechanical parameter of the dynamic system being 

studied. The aim of experimentally investigating the effect of radial leg stiffness (the 

stiffness between the foot and hip) on the gait is to make the dynamics in the frontal 

plane more robust by modifying the natural dynamics of the system. In addition, 

we also seek to determine the sensitivity of the bipedal gait under study to radial 

leg stiffness. How critical is the value of the radial leg stiffness? This section also 

includes a discussion of potential ways of determining radial leg stiffness values. 

What is the optimal stiffness? As discussed in Chapter 2, the simplest model 

for running is the planar spring loaded inverted pendulum (SLIP). Even for this 

simple model, analytical solutions do not exist; the dynamics in the stance phase 

are non-integrable [30]. Researchers resort to numerical studies or approximations. 

In bipedal RHex three dimensional dynamics, strongly non-linear leg properties, and 

rolling contact result in a gait that is vastly more complex than one that can be 

described by the SLIP model. 

Simplifications are commonly employed to design legged robots. For example, 

the leg stiffness can be chosen so that a desired stance period is achieved based on the 

approximation of a verticallinear mass-spring oscillator. For example, for a monopod 
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the corresponding relationship is t s = 7r A, where ts is the stance period, m is the 

mass, k is the linear spring stiffness. This type of calculation is difficult to apply to 

bipedal RHex because of the nonlinear leg stiffness properties and the existence of a 

double stance phase. 

Once again, biological inspiration can serve as an example. Running animaIs 

locomote using muscles, tendons, and ligaments to absorb, store, and release elastic 

energy. Biomechanics studies lump these sources of compliance into a "musculoskele­

tal" spring, which extends between the foot, or midpoint between the stance feet if 

more than one foot is on the ground, to the COM. Full and Farley [25] report that 

runners, trotters, and hoppers using one to three legs per step and having masses 

ranging over orders of magnitude (e.g. cockroach, 0.001 kg; crab; quail; dog; kanga­

roo; human; horse, 135 kg) have relative leg stiffness values, krel,leg, of approximately 

10. The relative leg stiffness is defined as 
F 

1 mg ( ) 
krel,leg = -LIT' 5.9 

nT 

where l is the hip height, ~l is the compression of the musculoskeletal spring at mid­

stance, F is the peak vertical force measured using a force plate apparat us , n is the 

number of legs used in stance, and m is the mass of the body. The extensive range 

of number of legs, posture, body shape, and body mass for which the previous result 

is applicable lends support for its consideration in the design of legged robots. In 

addition, this line of reasoning has been employed successfully to determine the leg 

stiffness for the RHex tripod gait. Substituting bipedal RHex data in Equation (5.9) 

yields a desired leg stiffness value, Xl' of approximately 5000 N lm. One limitation of 

this argument is that these results were obtained for gaits with aerial phases. 

Using the above results as a guide, experimentation with different leg stiffness 

values and PD leg tracking gains is a last method to obtain suit able stiffness values. 

This approach, although arguably the most reliable, must be limited because it is 

labor intensive, involves leg manufacturing and a very large number of experimental 

trials. Results from experimentation with different legs are presented in this section. 

As shown in Table 5.1, the baseline legs used have a radial stiffness of 1640 N/m. 

Radial stiffness values cited in that table were obtained from force-displacement data 
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collected with a specially designed test rig, constructed previously in the Ambulatory 

Robotics Lab. The legs were tested under pinned end conditions at the hip and at 

the end of the leg. The radial stiffness was calculated as the force measured for a 

25 mm deflection divided by this deflection value. Compared to the baseline stiffness, 

the aforementioned biomechanics studies suggest stiffer legs. Apart from the baseline 

legs, two additional sets of legs, with radial stiffness values of 1492 N/m and 2250 

N lm, were tested on the robot. This choice was motivated primarily by the des ire to 

find out if the leg stiffness should be increased or decreased. The particular values 

chosen were based on leg availability. 

It was possible to obtain a stable gait with the 1492 N lm legs, but because of 

repeated mechanical failures due to leg delamination, testing was aborted. Out-of­

plane deflections of these legs were visibly much more pronounced compared to the 

baseline. 

It was also possible to obtain a successful gait with the 2250 N lm set of legs. The 

corresponding results are presented in Table 5.5. Compared to Data Set 3 (baseline 

legs, vd=0.9 mis) of Table 5.2, these results show a 20% improvement in specifie 

resistance. However, it was found that the gait was more sensitive to controller 

parameter variations, making the tuning procedure more difficult and the gait less 

robust to initial conditions. Steering and velocity control was also less robust to 

distur bances. 

Data Set Velo city Average Average Specifie Mean Lateral N umber of Trials 
Number Set-Point Speed Power Resistance Disp., d 1 Success Rate (%) 

(mis) (mis) (W) (m) 
7 0.90 0.97 80.28 1.00 0.007 101 100%1 

Table 5.5: Radial stiffness test results. lTwelve trials were performed but two were 
discounted because the robot failed to detect both the st art and finish lines, despite 
having crossed them. 

Due to the very large parameter space involved in the generation of the gait, it 

would be very difficult to establish a direct comparison between the gaits obtained 

with two sets of legs with different radial stiffness. N evertheless, the tests presented 

in this section show that the gait is not extremely sensitive to variations in the radial 
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leg stiffness and that the controller can compensate, to sorne degree, for radial leg 

stiffness differences to obtain similar gaits. 

5.5.2 Modified Lateral Leg Stiffness 

Video analysis of experiments with the baseline hardware indicated that large 

lateral body deflections were taking place because of out-of-plane leg deflections. Fig­

ure 5.9 contains photographs showing out-of-plane leg deflections of the baseline legs. 

It was also observed that out-of-plane leg deflection effects could cause disturbances 

in the gait that lead to instability. These observations motivated the design and con­

struction of legs with the same radial stiffness as the baseline legs, but with increased 

lateral and torsional stiffness. This was accomplished by constructing new composite 

legs with fewer layers but greater width. The resulting legs have a measured radial 

stiffness of 1620 N lm, which is nearly identical to the baseline radial stiffness of 1640 

N/m. The larger 33.5 mm width, however, yields a theoretical increase in the lateral 

stiffness by a factor of 2.1 above the baseline. 

Figure 5.9: Pictures obtained using high frame rate video showing significant out-of­
plane deflections of the legs on two successive steps 

The wider legs resulted in visibly reduced out-of-plane deflection of the legs, and 
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lower lateral displacement of the robot during running. Stable roll oscillations were 

more easily generated when tuning the gait with these legs. It was found that, for a 

given speed, the dut y factor could be decreased and the sweep angle increased more 

than was possible with the baseline legs. Table 5.6 presents the results obtained. Data 

Set 8 was obtained using the baseline leg trajectory parameters: 4>s(vd)=1.005 rad, 

j3( vd)=0.617, 4>0=-0.07 rad. Data Set 9 was obtained for a leg trajectory parameter 

set with a lower dut y factor and larger sweep angle: 4>s(vd)=1.005 rad, j3(vd)=0.617, 

4>0=-0.07 rad. The latter resulted in a 13% longer stride period and had the benefit 

of reduced flight phase hip speed requirements. The average hip speed during the 

flight phase was reduced by 23%, resulting in the hip mot ors not being required to 

saturate. This represents an improvement that is especially useful when considering 

the use of "C" shaped legs, which increase flight phase hip speed requirements. Thus, 

it was found that legs with an increased lateral stiffness could reduce the amplitude 

of the lateral displacement oscillation of the robot body, and because these legs allow 

a more desirable set of leg trajectory parameters to be chosen, these legs represent 

an improvement for bipedal RHex. 

Data Set Velo city Average Average Specifie Mean Lateral N umber of Trials 
Number Set-Point Speed Power Resistance Disp., d 1 Suecess Rate (%) 

(mis) (mis) (W) (m) 
8 0.90 0.98 84.6 1.05 -0.124 2/ 100 
9 0.90 0.94 70.0 0.90 -0.165 2/100 

Table 5.6: Lateral stiffness test results 

5.5.3 Integration of, and Experiments with "C" Shaped Legs 

Electrically actuated dynamic legged robots push motor limits to their maximum. 

Bipedal RHex is certainly no exception. This section details a platform upgrade 

involving the power supply, amplifiers, motors, and gearheads. This redesign draws 

on experience with the baseline hardware. Results of experiments to date with these 

legs are also summarized in this section. 

As mentioned previously, "C" leg geometry requires the leg angle traversed during 
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the leg flight phase to be increased by a factor of 2;~ts , equal to 2.5 based on a nominal 

sweep angle cPs = 1 rad. Experiments with the "8" legs determined that the minimum 

flight phase average speed requirement was 16 rad/s, for a desired forward speed of 

0.9 rn/s. This translates to an average flight phase speed of 40 rad/s for the "C" 

shaped legs. Therefore, the following performance specifications were used for the 

redesign in order to accommodate the "C" shaped legs: 

• Maximum output shaft speed > 50 rad/s 

• Output shaft stall torque ~ 4.3 Nm (stall torque of the baseline motor-gearhead 

assembly based on a gearhead efficiency of 80%) 

Each design decision was judged considering the mass added to the robot and the 

amount of redesign required to accommodate new electronics and mechanical com­

ponents. Furthermore, thermal considerations were important. Based on the ab ove , 

Maxon RE30 mot ors in combination with 14: 1 gearheads were chosen. Table 5.7 

provides sorne of the key characteristics of the baseline and upgraded configurations; 

data sheets can be found in [49]. The battery supply voltage was increased from 24 

V to 33.6 V nominal, with the option of using a voltage up to 39.6 V. As a result, it 

was required to upgrade the custom RHex motor driver board to allow voltages up 

to 40V. The torque-speed curves for the two configurations are given in Figure 5.10. 

The upgraded system features the same stall torque as the baseline hardware, but 

with the capability to operate at significantly higher speeds. Bench tests revealed 

that the upgraded system can achieve a maximum speed of approximately 58 rad/ s 

while tracking the desired leg position and velo city trajectories. 
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Figure 5.10: Motor torque speed curve based on maximum 10 A current draw and 
80% gear efficiency 

Component Property Baseline Upgraded 
Configuration Configuration 

Power Supply Batteries NiMH, 20 C cells NiMH, 28 C cells 
Voltage 24 V 33.6 V 
Mass 1210 g 1690 g 

Motors Model RE25 RE30 
Nominal voltage 18 V 36 V 
Assigned power rating 20W 60W 
No load speed @ Vs 13960 rpm 8000 rpm 
Max. allowable speed 11000 rpm 8200 rpm 
Stall torque 0.220 Nm 0.909 Nm 
Terminal resistance 1.33 n 1.58 n 
Torque constant 0.016 NmjA 0.0398 NmjA 
Speed constant 585 rpmjV 240 rpmjV 
Mass 130 g 238 g 

Gearhead Ratio 33:1 13.8:1 
Max. allowable torque 6Nm 6Nm 
Mass 162 g 162 g 

Table 5.7: Platform upgrade specifications 

Preliminary experiments with the "C" leg geometry and the upgraded platform 

(hardware configuration E) have not yielded a stable gait. As an intermediate step, 

a stable gait was successfully found for the upgraded platform, but with the "8" leg 

geometry. Then, based on the corresponding leg trajectory parameters, bench tests 
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were performed to demonstrate that the robot was capable of tracking the desired 

position and velo city trajectories required for "C" leg operation. Despite these results, 

the transition between the "S" and "C" legs has not yet been achieved. U nder the 

above conditions, and assuming the legs are properly balanced, the difference between 

the "C" and "S" leg trajectories occurs only during the assumed fiight phase where 

the "C" leg configuration requires higher velocities and accelerations. This suggests, 

as have previously discussed observations (Section 5.2.1, p. 53; Section 5.3, p. 62), the 

importance of the overlap between the actual stance phase and assumed fiight phase 

on the dynamics of the gait. Modification of the fiight phase position and velocity 

trajectories is suggested for future work, in or der to make the dynamics around the 

touchdown and liftoff events similar to those obtained for the "S" shaped legs. 



Chapter 6 

Simulation Study 

This chapter presents a simulation of bipedal RHex created in MSC.ADAMS@ 

and Simulink@. The goal of the simulation was to provide a tool to test new con­

trollers and the utility of additional sensors for bipedal RHex. Simulation also has 

the potential to provide a controlled environment in which the effect of physical prop­

erty modifications on gait performance can be studied, without the constraints and 

cost involved in experimental work. This chapter begins with a summary of the 

ADAMS/Simulink model. Component models used in the simulation are then pre­

sented, along with a description of the important assumptions. A genetic algorithm 

(GA) used to successfully create a stable bipedal gait is then summarized. Finally, 

the resulting gait is presented and discussed. 

6.1 Bipedal RHex Model and Simulation 

Bipedal RHex was simulated using ADAMS and Simulink. This "co-simulation" 

uses ADAMS to integrate the mechanical dynamics of the system; thus, providing 

the plant. A discrete-time controller was created in Simulink. Every (simulated) 

sampling period (T= 1 ms), ADAMS passes the plant outputs to the controller. The 

controller in Simulink calculates the control inputs to the plant, which are passed back 

to ADAMS. This creates a discrete-time feedback control system. For more informa­

tion on how ADAMS and Simulink exchange information see [2]. In the Simulink 
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controller, the leg trajectory generator, balancing controller, speed controller, leg 

tracking controller, and forward speed estimation method are the same as those that 

were implemented on the physical robot. 

The ADAMS model of bipedal RHex consists of body and prismatic legs, as 

shown in Figure 6.1. The limitations and assumptions of such a leg model are dis­

cussed in Section 6.2.2. The ADAMS plant inputs are the hip torques: Tl, Tr . The 

required plant outputs are the body pitch angle and rate, and the leg angles and 

rates: e, è, ~T) CPT) ~l, CPI. In addition, the stiffness of the leg springs are variable and 

are calculated in Simulink, as will be discussed in Section 6.2.2. 

Figure 6.1: MSC.ADAMS model 

6.2 Component Models 

This section presents models of the robot body, legs, and actuators used in the 

ADAMSjSimulink simulation outlined in Section 6.1. 

6.2.1 Body Model 

The robot body is modeled as a rectangular prism with inertia properties (inertial 

matrix, COM location) obtained from a detailed SolidWorks® CAD model of the 

robot. The inertia matrix of the robot body, taken at the body COM and aligned 

with the xyz frame (as shown in Figure 3.5(a), p. 28) is approximately diagonal. The 
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mass and inertia matrix taken at the COM about the xyz axes (see Figure 3.5(a), 

p. 28) are given in Equations (6.1) and (6.2): 

(6.1) 

(6.2) 

In the simulation the small non-diagonal elements of the inertia matrix are set to zero 

so that the body is symmetric. 

6.2.2 Leg Model 

Bipedal RHex's half-circular legs (shown in Figure 3.4, p. 26) can defl.ect in three 

dimensions. These legs have highly nonlinear stiffness properties. Further complicat­

ing the modeling task, is a rolling contact that exists between the leg and the ground 

(e.g., the foot location, F, moves along the leg). The simulation model considers only 

sagittal plane leg defl.ections. This is supported by the results of Section 5.5.2, where 

it was shown that a leg design reducing out-of-plane leg defl.ections was beneficial to 

the gait. In this section, equations for the effective leg length, effective leg angle, 

and radial leg stiffness are presented. Based on these, the simulation leg model and 

assumptions are then discussed at the end of this section. 

Effective Leg Length and Angle 

The effective leg length, le, and the effective leg angle, cPe, are shown in Fig­

ure 3.5(b), p. 28. Let 2r be the length of the leg. Recall that the foot is said to be 

located at the point of contact between the leg and the ground. Using simple geo­

metric relationships, based on the leg angle cP we obtain Equations (6.3) and (6.4): 

{ V2ry!1 + cos cP if cP ~ 0 

2r if cP < 0 
(6.3) 

{ P- if cP ~ 0 2 

cP ifcP<O 
cPe( cP) (6.4) 
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Radial Leg Stiffness 

The purpose of this section is to derive the relationship between the radial leg 

stiffness and the location of the foot. The stiffness of the circular leg is a function of 

the material properties, cross section geometry, leg radius, and foot location on the 

leg. The model used to derive the stiffness properties of the leg is shown in Figure 6.2. 

Let the arc spanned by the leg from the hip to the foot be I.{JF E [0,1f]. This model 

consists of a thin beam with one free end and one pinned end with reaction torque, 

T. 

r' 
1-.. y' 

T--
r 

/$1 

Figure 6.2: Leg stiffness model 

The defiection, 8, due to applied force p, was calculated using Castigliano's 

method [87]. The strain energy, U, contains only a bending term, axial strain and 

transverse shear strain are negligible for this particular geometry. Let E be the 

modulus of elasticity of the leg material, 1 = b~23 the second moment of area of the 

cross section, b the width of the leg, and h the thickness of the leg. Defiections are 
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found from Equations (6.5)-(6.8): 

(6.5) 

(6.6) 

(6.7) 

(6.8) 

In this case, the bending moment, M, is a function of <p. Let V be the shear 

force and let ds be an infinitesimal displacement along the leg. The shear force and 

bending moment relationships are given by Equations (6.9)-(6.12): 

V - Py sin <PF + Pz cos <PF (6.9) 

M J Vrd'P (6.10) 

M(O) r(l - cos 'PF )Py - r Pz sin 'PF (6.11) 

M('PF) 0 (6.12) 

Let P = [Py PxJT and 8 = [6y 6xJT. Performing the above integrals, the following 

force-defiection relationship is obtained: 

8 = Ap, 

where A is a 2x2 matrix whose elements are: 

~ (4'PF + 2'PF cos 2'PF - 3 sin 'PF) 

~ (4'PF - 2'PF cos 2'PF - 8 sin 'PF + 3 sin 2'PF) 

~ (1 - 4 cos 'P F + 3 cos 2'P F + 2'P F sin 2'P F ) 

(6.13) 

(6.14) 

Let Pr be a radial force of magnitude P, and let 8r be a radial leg defiection. This 

radialleg force is applied at the foot and is directed towards the hip. In the leg frame 

Pr is 

Pr = [ P sin (7r-tF ) P cos (7r-tF ) ] T (6.15) 
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The radial stiffness, kT) is then 

IIPrl1 
Ilorll 
p2 

o;p 
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(6.16) 

(6.17) 

The radial stiffness increases as the foot location moves away from the tip of the 

leg. Figure 6.3 contains a plot of the increase in radial stiffness, kr ('P F ) / kr (7r), as 'P F 

is varied from 27r/3 to 7r radians. Here, kr (7r) is the radial stiffness when the foot 

is located at the tip of the leg. High speed video recordings have shown 'P F to vary 

between approximately 2.1 and 3.14 rad. Thus, for this range of values, the increase 

in the radialleg stiffness is very significant, from 1 to 3.5. 
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Figure 6.3: Relative radial stiffness, kr ('Pm) / kr (7r), of a half circle leg as a function of 

'PF 

ADAMS Leg Model 

In ADAMS the legs are modeled as a prismatic joint and leg spring. The leg 

spring has a radial stiffness k~;f:)) kr (7r) and free length based on Equation (6.4). For 

practical implementation reasons, the calculation of the free length of the leg and the 

radialleg stiffness are performed in Simulink and passed to ADAMS. This simulated 

leg also includes linear viscous damping. In addition, the leg spring hardens when 

the leg is in both extension and flight, so that it does not extend significantly beyond 
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the desired uncompressed length. Thus, in this model, the rolling contact between 

the foot and the ground is neglected. 

More complex leg models pose several problems. Firstly, a flexible curved beam 

leg can not be simulated in ADAMS because rolling contact along a flexible body 

is not possible [19]. Secondly, given that the simple model described here runs at 

approximately 1/40 realtime, added model complexity would result in the model be­

coming too computationally expensive, especially if iterative optimization algorithms, 

such as the one described in Section 6.3, are to be used to tune the gait and controller 

parameters. 

6.2.3 Friction and Contact Model 

In the ADAMS model the foot is modeled as a small sphere. The mass of the 

foot was calculated to achieve the desired leg inertia about the hip axis. The friction 

and contact properties of the unilateral joint formed between the foot and the ground 

were modeled using the impact and coulomb friction modeling options in ADAMS. 

Information on the underlying algorithm can be found in [19]. The static and dynamic 

friction coefficients for RHex on our test track were obtained by conducting a simple 

experiment: RHex foot material was attached to a weighted plate, which was pulled 

horizontally with an accurate spring scale. The following static and dynamic coulomb 

friction coefficients were obtained: /-Ls = /-Ld = 0.65. 

6.2.4 Actuator Model 

The motors, gearheads, and amplifier limits are modeled by a torque-speed curve, 

given in Figure 6.4. Only torque-speed combinations within the enclosed region are 

attainable. Let TI be the gear efficiency, N the gear ratio, Kt the mot or torque 

constant, and imax,d the maximum desired amplifier output current. Then, 

(6.18) 

is the maximum torque. Similarly, Tstall is the stall torque of the motor-amplifier­

gearhead combination, Tstall = TIN Ktimax . The mot or amplifiers on RHex can supply 
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a maximum of 15 A, resulting in Tstall = 6.65 N m. The maximum speed attainable, 

the no load speed, is denoted by ~max in the figure. 

t 

II 1 

~NL 
--'<-------j------------"t-- ~max 

-~max 
III IV 

-'tmax 

Figure 6.4: Torque speed curve schematic 

6.3 Gait and Controller Parameter Tuning: 

Genetic Aigorithm 

This section presents details of a genetic algorithm (GA) used to tune gait and 

controller parameters for the ADAMSjSimulink model of bipedal RHex. As discussed 

in Chapter 2, genetic algorithms have been used successfully to generate gaits for both 

real and simulated systems. Key advantages [34] making GAs suit able for legged robot 

gait development are that they: 

• Can deal with large numbers of parameters, continuous or discrete; 

• Can optimize parameters with extremely complex cost surfaces; 

• Can provide a list of possible solutions; 

• Can be used with experimental or numerically generated data. 

The parameter tuning problem was formulated as a 10 dimension al optimization 

problem. The parameters optimized were: 
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• Constants Cl'" C5 in option A of Table 3.2 (p. 32), required to generate leg 

trajectory parameters <Po, (3, and <Ps 

• Balance angle, Ob 

• Leg tracking proportional gain, kq,p 

• Two PD gains for the inverted pendulum balancing (pitch) controller: kop , kOd 

• Proportional gain for the inverted pendulum speed velo city controller: kvp. 

The function to be minimized, the fitness function, is critical to the outcome of 

the optimization. After experimentation, the fitness function chosen was 

where, tend is the length of the simulation, WI ... W5 are weighting constants, v is the 

actual measured forward speed of the robot (measured at the midpoint between the 

hips) , and <Pl ,end , <Pr,end are the totalleft and right leg rotations, respectively. Recall 

that Vd is the desired forward speed, 0 is the body pitch angle, Od is the desired body 

pitch angle. The end of the simulation is triggered by a maximum simulation time 

being reached, a maximum distance being traveled by the robot, or by limits imposed 

on the body pitch angle, body COM height, or body roll angle being exceeded. The 

first two terms of Equation (6.19) penalize large pitch and forward speed errors. The 

third term rewards trials where the robot lasts longer without trigging the end of 

the simulation. The fourth term rewards trials in which the robot travels greater 

distance. The leg rotation term in Equation (6.19) was required to heavily penalize 

solutions not using over-the-hip leg protraction. In addition, a penalty term was 

added to the fitness function in order to discourage certain parameters from assuming 

values outside a specified range. This method of constraint handling penalizes a given 

parameter based on how far it is outside a desired range of values, thus, allowing the 

algorithm to find unexpected solutions outside the desired parameter range. The 
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penalty term is calculated via 

{ 
x'-ul' 

if Xj < llj /'Î,ll .~ 
,J ulj-llj 

Pj(Xj) 
Il'-x' if Xj > ulj /'Î, 1 ..::::L.::::.L 

u ,J ulj-llj 

0 otherwise 

(6.20) 

10 

penalty - LPj(Xj) (6.21) 
i=ü 

where, j is an index indicating the parameter number, Xj is the jth parameter, Pj 

is the penalty assigned to parameter Xj, lij is the lower limit below which a penalty 

is applied for Xj, ulj is the upper limit ab ove which a penalty is applied for Xj, and 

/'Î,ll,j, /'Î,ul,j are the weighting constants. The magnitude of the penalty must be limited 

because it can negatively affect the ability of the algorithm to converge to a stable 

gait. 

The Matlab Genetic Aigorithm and Direct Search toolbox was used to imple­

ment the GA. The population size had to be limited because of the computational 

cost of each trial, a population size of 25 was typical, and the duration of a typical 

optimization was approximately 50-150 generations. 

6.4 Results and Discussion 

In this section we present the simulation results obtained with the ADAMS/Simulink 

model of bipedal RHex. A stable gait could not be obtained with extensive "man­

ual" tuning of the gait and controller parameters. This suggests that the simulation 

model is even more sensitive to gait and controller parameter variations than the 

real system. However, the genetic algorithm optimization described in Section 6.3 

produced a stable gait over the 7 m distance (approximately 28 strides) allowed by 

the model. Table 6.2 summarizes key simulation model parameters and Table 6.2 

presents a comparison between the simulation and experimental gait and controller 

parameters. 

In table 6.2 we see that the parameters are similar in aIl cases except for the 

leg tracking proportional gain kq,p, and to sorne extent the leg trajectory parameters. 
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Parameter Value Units 

Leg Properties 

Uncompressed leg length 0.165 m 
Radial stiffness, kr (-rr ) 1640 N/m 
Radial viscous damping 125 N/(m/s) 
Static friction coefficient, /-ts 0.65 
Dynamic friction coefficient, /-td 0.65 
Mass moment of inertia about hip axis, hegxx 0.0055 N m2 

Actuator Limitations 

Stall torque 6.65 Nm 
Maximum torque 6.65 Nm 
Hip mot or no load speed 100 radis 

Robot Geometry 

Hip spacing 0.3 m 

Table 6.1: Simulation parameters 

These differences are assumed to be largely attributable to the un-modeled rolling 

contact that exists between the leg and the ground. The larger value of the leg 

tracking P gain and the sm aller sweep angle appear to be required to help get the leg 

"under" the robot without the aid of rolling. 

Table 6.3 summarizes the simulated gait. The power and specifie resistance 

numbers are comparable to the values obtained in experiment, see Table 5.2, p. 59. 

Figure 6.5 shows the leg velocities, positions, and torques over two strides. We 

observe that good tracking is achieved of both the position and velo city trajectories. 

It is clear from the abrupt changes in the leg velo city plot that the touchdown event 

occurs about 10 ms before the assumed touchdown event. Recall that in experiment 

the actual touchdown event was observed to occur slightly after the assumed touch­

down event. The leg velo city plot also indicates a good correspondence between the 

actual and assumed lift off events. In contrast, assumed liftoff events occurred during 

the actual stance phase in experiment. 

The leg trajectory parameters are plotted in Figure 6.6 along with the resulting 

stride period. The relatively constant parameters indicate good gait stability. The 
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Parameter Simulation Experimental 
Value Value 

Controller Parameters 

Balancing P gain, kop 36.1 35 
Balancing D gain, kOd 0.4 0.4 
Balance angle, rh 1.43 1.47 
Speed P gain, kvp 0.064 0.055 
Leg tracking P gain, kw 20.0 4.6 
Leg tracking D gain, kc/Jd 0.39 0.50 

Leg Trajectory Parameters 

Dut Y factor, (3 0.69 - 0.02<pd 0.785 - 0.028<pd 
Offset, <Po 0.18 -0.07 
Sweep angle, <P8 0.36 + 0.038<pd 0.84 + 0.0275<pd 

Table 6.2: Controller and gait parameters 

Velocity Average Average Mechanical Specific 
Set-Point Speed Power1 Specific Resistance2 

(mis) (mis) (W) Resistance 
0.91 0.88 96 1.33 1.91 

Table 6.3: Simulation gait summary. 1 Average power is based on the actuator input 
alone. 2Specific resistance based on an electronics overhead of 42.7W, as obtained for 
the real robot. 

average dut y factor is equal to approximately 0.6. Thus, a double stance phase, of 

similar duration as was found in experiment, exists. The average st ride period is 

approximately 0.2 s, 26% lower than in experiment. 

Body pitch, roll, and yaw angles are plotted in Figure 6.7. The error in the pitch 

angle is typically less than 3°, indicating that the body pit ch successfully tracks the 

desired angle. The roll angle is stable, but the mean value is non zero. This is due to 

non-zero initial conditions. The roll oscillation amplitude is small, approximately 2°, 

as compared to 4-6° in experiments. This is the result of the shorter stride period in 

simulation, which reduces the duration of the single support stance phase. The yaw 

angle plot is qualitatively similar to that obtained in experiment. It shows that the 

robot's forward direction is stable, without any yaw angle feedback control. 
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Figure 6.5: Simulation leg velo city, position, and hip torque plots 
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5.3 

5.3 

5.3 

Figure 6.7 also includes a plot of the forward speed, desired forward speed, and 

estimated forward speed. The error in the average speed was 3%, showing good speed 

control. Although the estimated forward velo city lags the actual forward velo city, the 

error is generally less than 0.2 rn/s. 
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Figure 6.7: Simulation body pitch angle, forward speed, roll angle, and yaw angle 
plot 

In summary, a stable gait was successfully obtained in simulation. It was found 

that it was more difficult to tune a gait in simulation than in experiment. How­

ever, the feasibility of optimization methods, such as the genetic algorithm presented 

ab ove , partially compensate for this difficulty. Furthermore, although qualitative and 

quantitative similarities exist between simulation and experiment, the difference in 

the required leg tracking gains and leg trajectory parameters suggests that the sim­

ulation model can be further improved. The use of this simulation of bipedal RHex 

to study new controllers, addition al sensors, and physical parameter modifications is 

suggested for future work. 



Chapter 7 

Conclusions 

7.1 Summary and Conclusions 

This thesis presented the development of a novel, three dimensional, bipedal 

running gait for the RHex robot, a cockroach-inspired hexapod robot capable of 

range of behaviors, including hexapedal walking, running, and stair climbing. The 

behavior presented in this thesis uses only two actuated degrees offreedom (DOF), one 

per compliant leg - the minimal number of actuated DOF required for a dynamically 

stabilized biped. The benefits of such a simple actuation approach are reduced system 

cost and weight, and improved reliability. To the author's knowledge, there are no 

previous (2D or 3D) bipeds with only one actuated degree of freedom per leg capable 

of dynamic running. 

In Chapter 3, a pitch and forward speed controller was presented. This sagittal 

plane controller included three proportional derivative (PD) control laws for pitch, 

forward speed, and leg tracking. A leg trajectory generation scheme, parameterized 

by four leg trajectory parameters, was presented in detail. Suitable relationships for 

the leg trajectory parameters were also given. It was found that a forward speed 

measurement was not required to stabilize the forward speed of the robot - a simple 

forward speed estimation scheme based on the desired sweep velo city was sufficient. 

In terms of sensing, it was found that only pitch and leg angle sensing are re­

quired. Based on the pragmatic stability criteria presented in this thesis, the resulting 
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gait had a 50% success rate, with failures due to the robot veering off the test track. 

However, with the addition of yaw angle feedback, a steering controller improved the 

repeatability of the gait (for the baseline hardware configuration) to 100% over 30 

trials (Table 5.2, p. 59). The steering controller, which differentially modifies the 

leg trajectory parameters between the two legs, was presented in Chapter 4. This 

chapter also included a discussion of gait and controIler parameter tuning, a critical 

issue for the success of the gait. It was found that stable running is very sensitive to 

controller and gait parameter variations and that the tuning procedure required was 

labor intensive and dependent on the operator's skill. 

Body roll stability was discussed in Chapter 4. Roll stability was analyzed in 

terms of the dimensionless moment of inertia, which was found to have a value above 

unit y, indicating that roll oscillations may not be passively stable, under the stated 

assumptions. However, the forced response, which includes a short double stance 

period, was experimentally shown to have stable roll oscillations without active roll 

angle control. In addition, it was found experimentaIly that vertical and lateral 

oscillations do not require active control. 

Chapter 5 presented experimental results. With the baseline configuration, for­

ward speed control was demonstrated for 0.64, 0.86, and 1.15 mis set-points. The 

mean velo city error of the average speed was 4.3%, for 30 trials. The minimum and 

maximum speeds obtained were 0.57 and 1.26 rn/s, respectively. However, the gait 

and controller parameters were not tuned explicitly ta maximize the range of for­

ward speeds possible. Specific resistance values ranged from 0.9 to 1.55, comparing 

favorably to the ARL Scout II, RHex bounding, and RHex pronking, among other 

robots. 

Experiments were performed to determine the effect of the radialleg stiffness on 

the gait. It was found that stable bipedal gaits could be obtained for aIl the radial 

stiffness values tested (1492, 1640, 2250 N/m). However, because of the effect of the 

large number of gait and controller parameters on stability and energy efficiency, it 

was difficult to directly compare the gaits obtained with sets of legs of different radial 

stiffness. However the results indicate that the controller can compensate, to sorne 

degree, for different radial leg stiffness values. 
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Motivated by video recordings showing significant out-of-plane leg deflections, 

wider legs with the same radial stiffness as the baseline legs, but with approximately 

twice the lateral leg stiffness were designed and fabricated. These legs resulted in 

visibly reduced lateral body oscillations and allowed for a set of leg trajectory para­

met ers to be chosen that significantly reduced flight phase hip speed requirements. 

These legs were also used to generate a 0.94 mis gait with a specific resistance of 0.9, 

the lowest value presented in this thesis. 

The results presented in this thesis used "S" shaped legs, as opposed to the reg­

ular "C" shaped legs used on RHex (see Figure 3.4, p. 26). This "S" shape leg con­

figuration reduces the actuator speed requirements when not in stance, but otherwise 

does not fundamentally change the dynamics or control of the system. Preliminary 

results using a hardware upgrade designed to accommodate "C" leg operation were 

summarized in Chapter 5. However, in preliminary tests "C" leg operation was not 

attained. 

Finally, Chapter 6 presented a simulation of bipedal RHex that successfully pro­

duced a stable gait. A genetic algorithm optimization was employed to obtain a 

stable gait, when manual tuning was not successful. The results suggest that the 

model can be further improved by accounting for rolling between the leg and ground. 

The simulation gait was qualitatively similar to those produced in experiment. Fur­

thermore, with few exceptions, the simulation gait displays quantitative similarities 

to experimental gaits. 

7.2 Recommendations and Future Work 

Several recommendations for future work are suggested in terms of experimental 

work, platform design, and simulation. 

The preliminary results obtained with the upgraded platform (Section 5.5.3, 

p. 72) show potential for "C" shaped leg operation. Modification of the flight phase 

position and velo city trajectories is suggested, in or der to make the dynamics around 

touchdown and liftoff events similar to those obtained for the "S" shaped legs. Once 

"C" shaped leg operation is accomplished, bipedal mode could be further integrated 
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into RHex's already large behavioral repertoire by creating transitional behaviors 

between hexapedal and bipedal running. Such behaviors would allow increased step 

and obstacle clearance capabilities for the RHex robot due to the raised COM of the 

bipedal RHex. 

In terms of experimental work, it is suggested that Controller #2 (Section 3.2.3, 

p. 34) be experimentally tested and the results compared to those presented in this 

thesis for Controller # 1. 

It is expected that mass distribution modifications could improve the perfor­

mance of the gait and simplify the control task by making the passive dynamics of 

the system more suitable to the gait. Modification of the hip spacing is another op­

tion. One suggested approach would be to use the middle legs instead of the back 

legs on RHex to achieve a bipedal gait. In this case, the dimensionless inertia in the 

roll plane would be approximately 0.25. In this configuration, an added benefit would 

be that because of the approximately symmetric nature of the body about a vertical 

plane through the middle hips, the front and rear legs could be replaced by small, 

temporary "training wheels" that would contact the ground when the pitch angle is 

either too large or too small. This could make optimization algorithms such as in 

[94] feasible because it is expected that a sufficiently high percentage of trials would 

make it across a test track. In addition, the training wheels could also be used to 

provide rewardjpunishment feedback for optimization algorithms. The goal of such 

an optimization would be to obtain a gait where the "training wheels" never contact 

the ground. The results could then be compared to those presented in this thesis to 

generate insight into both gaits. 

In terms of the platform design, it would be useful to incorporate changes that 

make the platform more amenable to an increased level of sensing and more detailed 

modeling. Such changes could allow more sophisticated controllers to be implemented. 

In particular, leg geometry and leg sensing is of interest. An example of such work, 

intended to improve hexapedal walking and running, is in progress for the RHex robot 

[48]. In this work instrumented, compliant, four-bar legs with point feet are employed 

in conjunction with wireless data transmission from the legs to the robot. However, 

alternative approaches could be taken. 
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Finally, simulation work has the potential to be useful in controller development, 

sensor selection, and as a tool to study the effect of physical parameters on the gait. 

For these reasons, future simulation work is recommended. In particular, a more 

complete leg model that does not neglect the rolling contact is suggested. However, 

because the intermittent and rolling contact present between the ground and the flex­

ible leg cannot be accurately modeled with MSC.ADAMS, an alternative simulation 

environment should be explored. 
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