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Abstract 

Neuromorphic engineering is the stud y and emulation or neural sensory and control 

structures fo und in the natural world. Currently a significant research focus in thi s field. 

and indeed. in engi neering at large. is the research of robotic walking platforms - an ideal 

application for artificial neural controllers. 

To de ign such neuromorphic controllers. significant knowledge is needed of the robotic 

context to which they wi ll be app li ed. The focus of this research is to explore the 

relationship between the mechanical design of a robot. and its resultant walking 

proficiency. 

A neuromorphi c controll er utili zi ng Nervous networks was constructed. and embedded 

into a typical & useful mechatronic context. This consists of a simple walking platform. 

of a type common ly used in ervou s network resea rch . This robot was used to provide 

intuition and a reference point for development of a si mulation for empirical testing. 

A physical simu lati on of the mechanical con te.\t \\3 developed. allo\,ing for the 

explorati on or its behaviour. particu larly\\ ith regard to the type or \\alking ··caused .. b) 

the integration or an appropriate ervous net\\Ork control ler. 

To evaluate the behavioural fitness of thi s conte.\t in various configurations. empirical 

simulations \\ere run using the developed simu lati on. and heuri stic results derived to 

develop optimized parameters for causing \,alking behaviours in the studi ed conte.\t. 

Further simulations \Vere then run to eva luation the el'ticacy of these developed heu ri stics. 

From these simulations & e.\plorations. the presence of an identifiable --critical point 

phenomenon .. in the interaction between the robot" s legs was demonstrated. This critical 

point was then used for parameter extraction; further si mulation demonstrated that 

parameters extracted from thi s critical point provided near-optimal walking behaviour 

from the robot in a variety of leg topologies. 

These resu lts provide significant knowledge and intuition for designers of quadrupeda l 

walking platforms. particularl y tho e driven from Nervous network derived 

neuromorphic controllers. Implementation of these results in such a robot ic platform wi ll 

provide useful new "'real world" data. a llowing the developed models & heuri stics to be 

further refi ned. 
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I: General Introduction 

1 General Introduction 

1.1 Aim 

Thi s Masters thesi s will explore and investigate. in s i111ulation. the influence of various 

factors in the design of a neuro111orphic walker"s mechanical context on the robot"s 

walking behaviour. through a fusion or 111echatronic and neuro111orphic engineering 

techniques. 

1.2 Introduction 

Robotic walking has been a 111uch pursued field of stud y for 111any yea rs 110\\. for a wide 

variet) of research aims. and fro111 the perspective or a broad spectrum or di sci plines. 

both within engineering. and as part of the\\ icier study of' science (Paulsen. 2004). This 

project will focus on a particular subset or the possibilities for robotic ,\alking offered by 

the fields of mechatronic s and neuromorphics. applied through the perspective of BEAM 

design philosophy. 

The particular robot design to be used. to be detailed in section 2: Robotic Platform. is a 

si mple quadrupedal walker driven b) t\\O motors.\\ ith the control provided by a nervous 

network. or v-net. Nervous networks are a type or art i ticial neuronal system that has 

not yet been explored widely . Despite their successful implementation across dozens of 

robotic designs. academic investigation into their properties and behaviour has been 

scarce, due in part to the underdeveloped theory currently underlying their operation 

(Tilden, 1997). 

Many of the design philosophies applicable to the design and research of systems using 

thi s type of neuronal network (to be outlined in section 1.4: Design Approaches) espouse 

the usage of tightly integrated multi-disciplinary techniques. And indeed, due to the 

"bounded chaos'· nature of Nv-nets (Tilden, 1997), it is very difficult to abstractly 
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understand how a robot des igned with such a controller will react and behave in the 

.. fractal environment'' of the rea l world (Rietman et al., 2003). 

As such. the author proposes that much meaningful research into the behaviour of v­

ncts will require them to be embedded into .. environmental interfaces·· - robots or other 

similar systems that provide the network with an environment to interact with , be 

stimulated by. and respond/react to. One of the simplest such situations developed is a 

small. two-motor. quadrupedal wa lker. This design has been used extensively by both 

researchers and amateur roboti cists. but also has a poorl y developed theoretical 

underpinning. 

This can significantl y complicate the study of the Nv-net" s behaviour in thi s contex t. and 

thus it is necessary to fac ilitate better causal isolation between the influence of the 

contro ller upon the robot' s behaviou r. and the in fl uence of the mechanical geometry on 

the robot" s behaviour. This study intends to explore the influence of the mechanical 

platfo rm of such robots. from a geometrical perspective. in the hopes of providing a 

better defined platform and context within which more ded icated Nv-net research can 

take place. 

1.3 Robotic Walking 

In recent years. a major focus of study within the fi eld of mobile roboti cs has been the 

study and developmelll of perambulatory robots - robots that employ legs as their 

primary means of locomotion (Wahde & Petterson. 2002). Many of these robots draw at 

least minimal inspiration fro m the natu ra l world. and are deve loped fo r a wide variety of 

applications and moti vations. 

Current research into walk ing and legged robots is dri ven by a wide vari ety o f 

moti vations. but some generalizations can be drawn. One very common such --high 

level'" goal is to produce robots that are able to operate within the same environment and 

··task domain·· as humans. An excell ent example of this is Honda·s ASIMO ro bot. which 
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appears very human-like. and has demonstrated the ability to climb up and down stairs. as 

well as natural-looking walking behaviour (Hirai et al.. 1998). 

Such an approach aim s for severa l advantages. in particular the ab ility of the robot to use 

equipment and facilities designed ori ginall y fo r human u c. Although thi a lso extend s 

significantl y to the manipul ators etc ... or the robot. the legged locomotion system is also 

a very important consideration when developing robots towards thi s aim . Any robot 

expected to work in such environments will need to be capable of handling stairs. 

avoidance of moving ob tacles (i.e. humans) in natTO\\ passages. and ideall y be ab le to 

dea l with sitting and standing at workstation designed for hum an use. a ll ,, hil e 

maintaining its ba lance. 

Li u ct. al (2007) note that. 111 addition to thi s. legged robots designed to operate in 

outdoor environments ho ld significant advantages over equi va lent wheeled/tracked 

designs. Particularl y. a ,,al king robot requi res onl::, to make contact,, ith discrete po ints 

of the environment in orde r to move. ,,hercas a whee led robot requi res a safe. cont in uous 

path to ac hieve motion bct ,, een t\\O points. In rough terrain. thi can signiticantl) limit 

the number or potential path s l"or a ,,hee led robot. or may present no traversable path at 

all : a legged robot would ho,, ever have the ab ility to eva luate a path as a disc rete series 

of sa fe ··stepping stones·· th at ,, ere within the capabilities of its walking mechani sm and 

contro ll er. 

Further to this. another major rationale fo r the research of humanoid wa lking robots. is to 

learn and understand more about how the hum an body dea ls with walking. Most human s 

learn to wa lk very earl y in their li fe. and wi th the excepti on of severe neura l or muscul ar 

damage. rarely strugg le wi th or lose thi s ability until we ll into old age (G uralnik, et. Al.. 

200 I). By conducting research into what a ll ows a robot to wa lk. we thu s gain further 

insight into the internal s and control techniques that allow human to walk so intuitively; 

thi s in turn will result in new techniques and viewpoints for the deve lopment of robotic 

walking systems (Paluska, 2000). 
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At a somewhat simpler level, and perhaps more useful in the sho11 term, is the similar 

pursuit of walking systems mode led of insects, arachnids. and s imple quadrupeds such as 

li zards or salamanders (Long Jr. , J. H .. 2007). As the neuromuscular complexity of these 

organisms is much less than that of a human. these studies offer the opportunity for more 

immediately accessible insight, and thus provide c lues and inspiration for the pu rsuit of 

understanding regarding bio logical walking movement. 

1.4 Design Approaches 

As robotics is both a diverse and rapidly-evolving field of engineering. a wide variety of 

approaches and phi losophies have been applied to robotic design. 

1.4.1 Classical 

Classical robotics is used here as a rather broad term. but in essence refers to the 

prevai ling design philosophy fo r a significant proport ion of the .. Age of Robotics"' - the 

process of mathematically modeling the robotic mechanism in question, and using thi s 

model to produce analytical control expressions that can be used to determine the joint 

angles required of a mechanism to reach a certain position or stance (Goldenberg. 1985). 

This approach has been used successfu ll y in many areas of robotics. and patticu larl y the 

field of industri al robotics. where robotic manipulators are required to perform a 

consistent seri es of algorithmic steps many times over. 

In thi s situation. the abi lity to apply rapidly calculable mathematica l equations to 

compute the robot actuations required to fu lfill a particular a lgorithmic step provides a 

simple and reliable system. The most common analytical method app lied to such tasks is 

that of Inverse Kinematics. Kinematics is the study of motion. and by apply ing its 

methods to a robot, it is tri vial to develop an equation that can express the position and 

ori entation of an end effector as a function of its actuator angles. The In verse Kinematic 
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model of a robot. however. attempts to express the actuator angles of a robot as a function 

of the position and orien tation of the end-effector (Go ldenberg et. al. . 1985). 

Add itionall y. many robots operate in situations where. despite the repeatability or the 

overa ll task. small vari ances may occur between iterations of a task. such as picking fruit 

from a conveyo r belt (Corke. 1994). Thi s necessi tates add itional computational 

capability in the robot to calculate. with the a id of relevant input data provided from 

sensors (such as video cameras. for the fruit picking example). the modification s to the 

algorithm· s defined motion paths and operations to a llO\\ the robot to adapt. 

The generat ion o f dynamic paths. however. rap idly becomes more complex as DOFs are 

introduced to the system . or if constrai nt s or motion paths are app lied to the individual 

links compos ing the roboti c system. rather th an just the end effecto r (Shill er & 

Dubowsky. 1989). The primary cause for thi s increase in co mputational burden is 

because the system can no longer choose an) available pa th to move the end-effec tor in a 

partic ul ar \\·ay - it must 11 0 \\ eva luate a motion path th at is subject to strict constrai11ts. 

and may even require backtracking of some _joints. To ex press thi s another \\'3) -

although fewer choices are no\\' avai lable to the system. the computati onal burden is 

increased simpl y because a choice must no\\ be made. 

Veering away some\\hat from industrial robotics. the above principle particular!) comes 

into effect in th e development of robots to interact or work in environments where 

humans are s ignifi cantl y present. Robots must be ab le to accurate ly sense and rap idl y 

adapt to human presence within their operating domain. as many robots are capab le of 

harming a human being within their normal operatin g cycle (Ikuta et. a l.. 2003). 

While these problems require seri ous des ign consideration in fi xed robots. the difficulties 

they can cause increase by an order of magn itude when facto red into the development of 

mob ile walking robots. As a wa lking robot moves. joints must not onl y be actuated such 

as to effect the robot 's mot ion. they must also be managed to keep the robot balanced 

(Pratt, 2000). 
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To th is end. extensive onboard processing must be done to evaluate the robof s position 

and motion relative to its env ironment. and to thus produce a series of rea l-time 

movements that w ill allow the robot to remain upright in the environment, whi le 

achieving the movement goals required of it. McGeer ( 1990) refers to the di fferentiation 

between static and dynamic wa lking - static walking operates off a cycle of step-balance­

plan. whereas dynamic wa lking involves continuous movement without pauses between 

steps for planning and/or balancing. Dynamic walking is particularl y employed by robots 

that attempt to employ the natu ral phys ical dynamics of their mechanism to assist them in 

wa lking, as pausing w ith each step wou ld disrupt the flow of their motions. 

While some of the most capable walk ing robots in the world , such as Honda·s ASIMO 

(Advanced Step in Innovative Mobility) robot. are developed and control led using this 

model, signi ficant processing power and development time is required to support 

perambulatory motion in th is context (Chestnutt et. al.. 2005). 

1.4.2 Mechatronic 

Mechatronics as an engineering disc ipline primari ly evolved out of Electromechanical 

engineering during the 1970s, however it exhibits signi ficant philosophica l di fferences 

(Comerford. 1994). Mechatron ics places a higher emphasis on integration of 

technologies. part icularly between the so ftware. mechanica l and electronic engineering. 

and thus attempts to create a fie ld of engineering that is intrinsically multi-disciplinary: a 

diagram expressing this discip linary fusion is shovvn in Figure I be lo,, . 
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Fig:ure I : Mechatroni cs Overview 

Thi s emphas is on systems integration b.), mechatronics lends itself ,,ell to the design or 

all types of robots. including mob il e ··intelligent" robotic age nts. It is thus diflicult to 

define particular 3 :-;amples or Mechatronic robot ics project. as al most all robotic research 

could be classified. to some extent or another. as an e:-;erci se in mechatronics (Ferretti. et. 

al.. 2004 ). 

1.4.3 Neuromorphic 

euromorphic resea rch is primaril y categorized by the emulation and imitati on of neural 

and sensory systems from natural organisms. A major theme in recent neuromorphic 

research has been the development of --neural'· ensors that attempt to perceive & process 

information and stimuli in a imilar fashion to equi va lent biological sensors (i.e. sensory 

organs) (Bains, 2004). 

A typical example of such research is the work of etter (2004) in designing and 

implementing a neuromorphic equivalent of a tl y' s eye. The developed sensor' s 
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perception is highly pi x ilated (much like the image received by a fl y's compound eye). 

however it is able to perform high level feature identification in real time. " ithout the aid 

of a D P or microprocessor. Figure 2 below shows an example of the output generated 

by thi s en or. 
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Figure 2: Output from a Neuromorphic aVLS I Implementation o f a Fly's eye (Netter, 2004) 

In ··true·· neuromorphic fashion. this en or not on ly emulate the timulu collection 

method (a low-resolution array of grayscale cnsors). but al o the st imulus proce sing 

technique and the information transmission protocol from the target organ i m. 

While much research ha indeed been focused on the study & development of this type of 

··arti ficial sensory organ ... t\\ O other ignificant avenue of re earch are ob erved by the 

author in current literature. A s opposed to the experimental & practica l implementati on 

research being pursued towards neura l sensor technologies. a significant body of research 

has been performed to develop the enabling technolog) of aVL I (Analogue Ver) Large 

ca le Integration) as wel l : indeed. the field of neuromorphi cs developed out of research 

in this area (M ead. 1990) 
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Although Tilden has demon strated the potential to mass-produce neuromorphic machines 

using di screte components (Hyrnkiw & T ilden . 2002). implementing neuromorphic 

system s in aVLSI has significant advantages. particularly in terms of miniaturi siation 

(a llowing for smaller system s which require less power to operate) and mass production 

(making such systems viable for everyday app li cation). Addit ionally. the ab ility to create 

abstracted. modular. aVLS I --organs·· that can be used as discrete processing components 

is also popular among neuromorphic researchers ( l--laefli ger. 2005. Vogelstein et. al.. 

2004). 

1.4.4 Biomorphic 

Strong ly related to neurornorphic engineering. biomorphic eng 1neer111g invo lves 

considering an enti re organi sm. ra ther th an focusing on the neural and sensor) elements 

thereoL as shown in Figure 3 (S mith . 200 I ). T he name is a reference to ··bio logica l 

morph ology .. - morph ology being the study of shape and fo rm . and biology referring to 

natural organ isms - thus the engineering stud) or bio logical organisms in their ent iret) . 
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Figure 3: An Overview of Biomorphic Robotics (Smith, 2001) 

There exists considerable overlap in neuromorphic & biomorphic research. making it 

difficult sometimes to distinguish between the two fields. As such. the term 

·'neuromorphic" is used relativel y loosely throughout this thesis, referring not only to 

biomorphism & neuromorphism as engineering disciplines, but also to the concept of 

biomimetism (engineering imitating nature) as a whole. 

This confusion exists partly due to the fact that any biomorphic design wi ll inherently 

incorporate neuromorphic elements, as any biological organism inherentl y contains a 

neural component. An example of a typical biomorphic research project is Rodriguez' 

(et. al., 2006, 2006) work with deriving biomorphic designs from Cofeoptera 

Scarabaidae, a type of scarab beetle. 
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Rodriguez· team constructed a robot closely imitating the morphology of the scarab 

beetle. and developed a controller to imitate its walking gai ts and behaviour. The were 

able to use this model to then explore the changes that a sca rab· s ··,,·alking controller .. 

had to implement in order to effect proticicnt locomoti on across a wide variet) or terrain 

types. as well as providing comparative studies of the relative performance of traditional 

control systems and locomotion platforms. 

In simulating such organi sms. it is thus po sib le to ga in considerable and va luable insight 

into the engineering design or the natural ,vorld: our ability to imitate these natural 

sensory & mechanica l systems is gravving rapidl y due to concerted biomimetic research. 

allo,,ing us to engineer ··better·· systems lt·om lessons learned from nature. There is still 

much to learn so we can more closely emulate nature·~ elegantly designed systems. thus 

necess itating continued research into thi s field. 

1.4.5 BEAM 

BEAM robotics forms a significant sub-di sc ipline or Biomorphic engineering. ho,,cver it 

is significant in that a large amount or activity in this area is carried out in non-academic 

circles. In particular. an e:-;tremel) active communit) or amateur roboticists has made 

significant contributions to the practical implementation and design of a veritable 

plethora of robots. From a research perspective. however. this can create difficulties due 

to the low level of academically- recogni ed published theoretical advancement carried 

out by such experimenters. Additionally. significant advances have certainly been made 

by notable --consumer robots·· such as the Robo apiens, BIO-Bug, and related robots, 

however due to the commercial nature of their designs. few results or theoretical resea rch 

have been made publicl y available. 

As a design philosophy, however, BEAM is well developed. and provides an interesting 

·'worldview·· combining biomorphic, biomimetic and mechatronic approaches. BEAM 

robotics requires an approach that considers all aspects of a robotic system as influencing 
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all other aspects - for example, adjusting the shape of the legs on a walker is as much 

''programming" the behaviour of the resultant robot as altering its controller (Geng, 

2007). This mirrors both the mechatronic approach of tight integration with the 

biomorphic consideration of an organism as an entire system. 

Additionally, BEAM also places considerable emphasis on aesthetics as a design tool - as 

many BEAM designs are biomimetic in nature, this draws off the observation that many 

natural systems not only work well, but also look good - function follow form. However 

the inverse is also true, and many BEA M-designed systems are relatively minimalist, 

allowing form to follow function, with little extraneous --eye candy'' or non-functional 

cosmetic components (Tilden, 1997). As an example of thi s, the Robosapiens 2 

consumer robot has what appear to be purely cosmetic kneecaps on its legs; on closer 

observation of the walking robot however, it becomes apparent that these kneecaps form 

an integral part of its walking gait. 

Many of these principles are expressed by BEAM 's name. a very flexible acronym from 

which several apt descriptions of thi s design philosophy have been constructed, 

including: 

• Biology, Electronics. Aesthetics. Mechanics 

• Biotechnology Ethology Analogy Morphology 

• Building Evolution Anarchy Modularity 

The first of these is the most commonly used acronym to describe the field due to its 

broad scope, as many of the other ·'backronyms'· describe only particular facets of the 

philosophy in detail. 

Another distinguishing feature typical of BEAM designs is the lack of a microcontroller. 

The primary reason for this is. in following the philosophy of elegant imitation of nature. 

it is more suitable to employ neural controllers (Bain, 2004). While in amateur circles it 

is common to construct the desired artificial neuronal network from discrete components, 
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a significant level of research into aVLSI has been undertaken by the neuromorphic 

community. and is relevant for academic resea rch into complex BEAM ··organi sms .. . 

An important aspect of BEAM design philosophy is the di stinction between designing 

robots as creatures instead of machines - organi sms in stead of automata. As described by 

Ti Iden (2004 ). robots have been developed th at are urvival-. as opposed to task-. 

oriented - and as such are des igned to a) require some resource to ··survive .. . and b) 

employ some strategy to acquire thi s resource. 

A practical exa mpl e of the poss ibilities of thi s approac h to robotic design is the BIObug -

a commercia l toy developed by Tilden. The BIObug ,, as produced in severa l different 

--spec ies.. (eac h with an identifying co lour). each with different behavioural 

characteristics. Two of these --species .. were coloured blue and red - blue bugs are --right 

handed .. and can onl y ap proac h --food sources .. (i.e. an IR transmitter) by orbiting in a 

cloc b, ise direction: red bugs lacked this trait. and could direc t! ) approach a food source. 

The resulting behaviours of thi s comb in ati on bear ee ri e si milarit) to the behaviour of 

natural creatures. Blue robots tended to c luster aro und th e IR ··food .. sources. jostling !or 

position. while their red cou nterpa rts tended to make hi gh -speed passes to\\ards the food 

source. Amazing!) . the blue bugs would then tend to c luster around such an intruder and 

force it away from the li ght source. before returning to the feeding circle . As Tilden 

(2006) describes it a .·· ... j ust one of a billion experiment I've done \\l1ere the behavior 

is obvious to a child . but alas. mathematicall y intractable despite the minimality of the 

control and sensor networks:· 

1.5 Neuromorphic Walking 

As outlined earlier, neuromorphic eng111eenng focuses on technologically emulating 

neuronal & sensory systems found in natural organisms. When thi s approach is applied 

to the stud y of legged locomotion. the author proposes that thi s requires special 

consideration . Particularl y, thi s approach requires that neural systems responsible for 
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walking in an organisms must first be studied in a "mechanical context" similar to that of 

the organism concerned. Only then can meaningful exploration or conclusions be 

pursued with regard to constructing knowledge relevant to walking as a whole. 

This view is supported by Lewis et. al. (2003) and others, and is a corollary of physical 

computation. As summarised by Lewis, physical computation refers to the common 

natural theme of simplifying control requirements by employing mechanical structure 

which effectively provide computational assistance/complexity to simpler neural 

behaviours. The physical dynamics of the mechanical context in which a controller is 

embedded thus has the potential to exhibit significant influence on the overall behaviour 

of the robot, justifying the examination of the mechanical context in this thesis in order to 

provide a platform for future work with the intended v-net controller. 

In natural organisms. two predominant walking paradigms exist: reactive walking, and 

CPG-driven walking (Geng, 2007) Most creatures employ one or the other of these 

methods. or a combination of the two. 

As an example of predominantly reactive walking, Cruse et. al. ( 1998) point out that a 

significant body of research has suggested that stick insects (Carausius morosus) have no 

central rhythmic generator to control their walking. Rather, purely reactive models have 

been created which accurately model the walking behaviours of such insects in slow 

walking gaits. Cruse models the stick insect walking controller as consisting of three 

distinct networks: one to perform the forward return "swing" leg movement, one to 

perform the driving "stance" leg movement, and a "selection" network to switch between 

the two as the leg reaches the extremes of its motion. These networks exist 

independently for each leg, and although some synchronisation between legs occurs 

during stick insect walking, each leg is capable of perform steps without any central 

driving factor. 

Contrast this form of perambulatory control with that discussed by Duysens et. al. (2002). 

It is pointed out that many "higher" organisms rely not on purely reactive systems, but 
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rather have some form of central rh ythmic controller which "manages" the walking 

behaviour of the orga ni sm - a Central Pattern Generator. or C PG. This may range from 

relatively simple neuronal networks in organi sms such as the Sa lamander (Aoi & 

Tsuchiya. 2006). to more complex mammals such as cats (Duysen . 2000). Regardless of 

the co111plexity or arrangement of these networks. they all serve the same purpose - to 

generate and regul ate patterns of motor impul ses to regulate walking. 

However. rather than exhibiting a pure approach. many natural orga ni sms empl oy some 

combination of these t\\ 0 control techniques . For example. Geng (2007) summari ses 

results confirming the existence of both CPG and reaction-based contributory syste111 s to 

walking in cats . In thi s case. CPGs are located \\ ithin the sp inal co lumn . and provide 

"hi gh leve l" motor control to the \\alking. \\hereas reac ti ve systems manage some lo\, er 

level functionality. such as 111 aintaining a walking ga it despite a limb encoun tering an 

obstac le. 

1. 6 Nervous Network 

1.6.1 Introduction 

Nv-networks were developed as a techno logy by Mark Ti lden & Brosi Haslacher during 

th e 1990s. at Los Alamos at ional Laboratory. in the USA. Stemming fro m resea rch into 

non-linea r oscillators (T ilden. 1997). they quickly rea li zed the potent ial of thi s 

technology for nove l forms of controllers and sensory processing. The BEAM design 

approach was developed by Mark Tilden during thi s time. and remains a predominant 

school of thought in the development of Nv-net based robots . 

1.6.2 Nervous Neurons 

An Nv-neuron consists of a hi gh-pass RC fi lter attached to the input of Schmitt trigge r 

inverter logic gate, shown in Figure 4 below: 
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Figure 4: Nervo us neuron (Solarbotics.net) 

1.6.2.l High-Pass RC Filter 

A high-pass RC fi lter is a simple passive network that "b locks" low frequency signals by 

means of a capacitor. It can be analysed as a simple vo ltage di vider, providing that the 

complex impedance of each component is considered. not j ust the rea l resistance (i. e. 

impedance= res istance + j x reactance). Thi s ca lculation is shown below as Equation I : 

X ,1 = R 

V-X 
·: V = ' " (Voltage di vider equation) 

0 

X +X 
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~V= V, -X I? 
" V X 
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V, · R 

I 
R + ­

OJ · C 

V, ·OJ· R ·C 
.·.V,, = l +OJ · R ·C 

Equation I: Output voltage of an RC Hi g h Pass Filte r 
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1.6.2.2 Schmitt Trigger Inverter 

For the Nv-neuron implementation used in this project. the Schmitt trigger inverter was 

replaced by a Schmitt triggered A D gate with its inputs connected together - this is 

computationally & log ically equivalent to the inverter <.:omponent. The characteristic 

curves as defined by the chip·s datasheet (avai lable at: 

http://!ibrary.so larbotics.net/datasheets/M M74HC 14.pd t) are shown below in Figure 5: 
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Figure 5: ch mitt-Trigger In verter Threshold Voltages 

A schmitt-tri ggered circuit impli es that. in signal processing terms, it has some degree of 

--memory ... as it exhibits hysterisis - the switching thresholds are different depending on 

whether the input is a rising or falling edge. As can be seen in Figure 5 above, Y.r. is the 

threshold vo ltage for a falling input signal, and VT+ is the threshold for a rising input. 

This behaviour significant ly increases the noise tolerance of a circuit, as well as all owing 

the component to --fuzzi ly'· re pond to real input as well. 
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1.6.2.3 Combined Behaviour 

In order to express the behaviour of the entire neuron. it is necessary to combine the 

individual behaviours of the individual component present in the neuron. The 

behaviour, assuming a compatible input from an identical neuron "upstream''. is shown in 

the fol lowing diagrams : 

V,,, (t) = V,, (- u(t - / o) + u(t - 11 )) 

u(t) = {O, t < 0 
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Eq uation 2: Voltage Response ofa Nervo us Neuron 
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Figure 6: Voltage Respo nse of a Ne rvous Neuro n 
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The following implications are evident from the preceding equations and figures: 

• As expressed by these equations, the neuron wi ll only become "acti ve" when there is 

a change of states at the neuron 's input - more precisely, a fa lling edge. 

• No matter what type of pulse is input to the neuron , the output will only be one of two 

things: 0, or a "square" pul se with a duration related to the amplitude and "frequency" 

of the input pul se. 

• Likewise, no matter what kind of pulse train, si nuso id . or other periodic signal is 

input to the neuron , the output will be onl y one of two possibilities - a pulse train of 

frequency and duty cycle related to the frequency and amp I itude of the input, or 0. It 

is also likely possible to --saturate'' an v-neuron wi th a su itab le hi gh frequency 

input. however thi s case is not relevant to thi s thesis. and will not be considered. 

Of particular note is the nature of the RC circuit - unlike trad itional u-neurons (i .e. 

·'neural neurons'', the type com monly used in classical neural networks) , wh ich 

predominantly employ integrative & summative techniques to process their inputs, Nv­

neurons employ a differentiator in their input path. The resul t of thi s is that v-neurons 

are effectively edge triggered, as the neuron's response wi ll be based on the first 

deri vati ve of the input signal. 

One result of thi s is that Nv-neurons are very tolerant of both static biases and low-level 

noise, while still remaining sensi ti ve to signals of the --correct'· fo rmat. 



I: General Introduction 21 

1.6.3 Nervous Networks 

1.6.3.1 Bicore 

As its name impli es. the bicore consists of l\\O v-neurons connected in a loop topology. 

This circuit represents the simp lest possible Nv-net topology: however its behavioural 

patterns can be exploited to control robots at many leve ls of complexity. particularly if 

multiple bicores are coupled together. rhe schematic of' a typical bicore net\\Ork is 

shO\\ n in Figure 7 belO\\ : 

G ~1 [~~~-~ ~1 J 
1 1 

Figu re 7: A t:vpical Bicore Nervous Network Ci rcuit (Solarbotics.net) 

Ir each neuron is treated as having a binary state ( I = ·activated· = output lo\v. 0 = ·off = 

output high). the bicore net\\Ork can be sh0\\11 to only produce the follO\\ing ··binary .. 

net work states: 

State Neuron I Neuron 2 

0 0 0 

I 0 I 

2 I 0 
,., 

I I .) 

Table I: Bico re Netwo rk States 
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The "states'' 1 & 2 are equivalent, as they each represent onl y one --active'· neuron on the 

network. Thi s circuit thus has only one stable mode of oscillation (with respect to neuron 

excitation) - in order for the bicore circuit to be useful for more complex applications, it 

must be used in a coupled network topology. 

1.6.3.2 Quadcore 

The quadcore is an v-network that follows the same basic loop topology as the bicore; 

the quadcore is however made up of four neurons. The schematic for the quadcore circu it 

is shown in Figure 8 below. 

Figure 8: A typical Quadcore Nervous Network Circuit (Solarbotics.net) 

The equivalent .. binary'· analysis of a quadcore network yields Table 2: 

State euron 1 euron 2 Ne uron 3 Neuron 4 

0 0 0 0 0 

1 0 0 0 1 

2 0 0 I 0 
,., 

0 0 I 1 .) 

4 0 1 0 0 

5 0 1 0 1 

6 0 1 1 0 

7 0 I 1 1 

8 1 0 0 0 

9 1 0 0 1 
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10 I I 0 I I 0 
I 

11 ! I 0 I I I I 

' I 

12 I I I 10 0 

13 [ I I 0 I 

14 I I I 0 

15 I I I I 

Tllble 2: Qulldcore Network S tates 

Thus there are only six di stinct pattern . that can be present in the network· s operation. 

on ly two of \\hich represent a stable net,\ork state: 5. and I. This being the case. the full 

state diagram for the quadcore net,\ork is in the Figure 9 fo ll owing: 

-+ -nndc 111achi11c 

Figure 9: Input/output behllviour (llttrnctor dillgra m) for ll Qulldcore Nervous Network 
(Rietnrnn et. lll., 2003) 

While a simple robot (such as the context studied by this thesis) may use only one of the 

"behaviours .. represented by a particular pattern/rhythm present on the network. more 

complex controllers may utilize the additional possible patterns to provide advanced 

functionality & adaptive behaviours. Research by Tilden & Haslacher ( 1995), the 

founding researcher of the v-neuron technology. proposed chaos theory as a potential 

I 
I 
I 
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means of understanding the operation of v-nets, and Rietman et. al. (2003) developed a 

model based on necklace functions; neither of these are complete, however, and thus 

research is ongoing into the theoretical underpinnings of nervous networks. 

1.6.3.3 Other Topologies 

Other topologie have been developed to exploit the behaviour of nervous networks, 

varying in size, complexity and the difficulty of their analysis. A short list of some of the 

principal alternate topologies not already discussed is shown below: 

• La rge Rings 

Topologically identical to the bicore and quadcore designs discussed earlier. these 

networks si mply include higher numbers of neurons . For all such networks with 

an even number of neurons. their behaviour is similar to the smaller networks 

di scussed earli er, however significantl y more complex (Rietman et. al., 2003). As 

the network grows. the number of stab le states able to ex ist on the networks grows 

super-linearly. Particularly, these networks rapidl y become very di fficult to 

analyse, as their phase-space grows exponentially with the m1mber of neurons. 

• Odd-numbered networks 

Little work has been done in analyzing rings of v-neurons containing an odd 

number of neurons. however a brief exploration was published by Rietman et. al. 

(2003). They demonstrated that. while observed network behaviour appeared to 

be chaotic, there may be some form of underl yi ng order. A stati stical anal ysis 

(Autocorrelation function ; lag represents time-di stance for correlation) undertaken 

to determine whether the neuron states were purely random showed a small. but 

statistically significant. skew in the correlation distribution . This is shown in 

Figure IO below: 
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5-nodc ring 
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Figure 10: Autol'orreh1tion Function plots for :--neuron Nv-neh,ork compared to Random 
(Rietman et. al.. 20030) 

50 

M an> current model s or N v-nets do not dea l w ith the behav iour of odd-numbered 

net\, ork s. and thus there is little or no resea rch into their behaviour and 

applicati on. HO\\ ever considerable \\ Ork \,ill be needed to understand \\hethcr 

use ful \\ Ork can be ex tracted from thi s type of topo log}. 

• Wave Proces or 

Wh ereas v-nets such as the quad core use a fo rm o r one dimensional coupling 

bet\\een neuron ( i .e. eac h neuron is connected 10 onl y one other neuron in each 

directi on). the .. \, ave processor .. type topo log) emplO) S a two dimensional 

··hexagonal I) beaded .. gr id or lJllaclcor e,·. It is proposed b) I aslacher & T il den 

( 1995) that thi s topo log) may be ideal fo r mode l ing fluid dynami c problem ·. 

• Coupled Ring 

In order to derive more complex behav iours th an can be obtained from a ingle 

v-net in tead of increas ing the number of neurons seriall y in the loop o f the 

network. a second loop can be placed in para I lei w ith the first. By vary ing the 

level of connectivity between the rin gs, it is poss ible to vary their interaction and 

the resulting behavi our of the overall controll er structure. 

60 
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Coupled rings suffer from rapid growth of their phase-space, as the number of 

'' layers'' increases, additional to the complexity caused by the number of neurons 

ion each of the constituent loops (Ti Iden, 2006). 

1.6.4 Applications 

Since its development, nervous network technology has been employed in a diverse range 

of applications, particularly in those area where conventional control techniques have 

had little success. One example of this is in the development of microsatellites to stud y 

the magnetosphere, a project undertaken at the Los Alamos ational Laboratory. 

Moore et. al. ( 1998) developed this system. designed to be deployed as a cloud of small 

satellites to perform measurements of the strength and direction of the earth's magnetic 

field. each satellite serving as a ··pixel", all owing a three dimensional. real-time map of a 

portion of the earth's magnet ic field. Nervous networks were used for the control of 

these sate llites, as their analogue design allows them to operate within the ··flow·· of the 

surrounding environment. rather than being limited by the time-discrete nature of digital 

algorithmic control. 

Particularl y, nervous networks were used in this application due to their inherently 

adaptive nature, allowing for a system that was much more capable of responding 

"naturally'" to changes in its capabilities and the environment around it than traditionall y 

designed systems. 

Another example of this is the development of biomorphic robots for the purpose of 

detecting and remov ing UXO - Unexploded Ordinance. such as mines or unexploded 

shell s or bomblets from cl uster munitions. UXO is a major log istical and humanitarian 

problem across many areas that have experi enced wars and armed conflict in the past 

(Nicoud, 1997). Currentl y. the onl y UN approved method of mine removal is a slow and 

labour-intensive process undertaken by human s. As thi s process is both very tedious and 
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also dangerous to the individual s performing it, the development of a robotic tool to assist 

in thi s effort has been a major research goa l in recent years. 

Nervous network based designs have been proposed for thi s task due both to the 

adaptab le nature of the controller. and because of the typical minimali sti c design of such 

robots. The lightweight design of the robots a llows them to with stand considerable 

buffeting from an1 ordinance exp losion. and their ada pti ve characteristics all ow the robot 

to compensate for any damage caused by such detonati ons. One tri a l of a hexapedal 

\\alker used in this app lication operated b) ··stomping .. across a XO-covered area ,, ith 

the intent of tri ggering detonations - altho ugh the robot lost several legs throughout the 

trial. it was able to successful!) adapt to eac h loss. and refo rm a capab le walking ga it 

\Vith eac h ne\\' leg topology (Ti lden. 1995). 

Another applicat ion area in ,,hich the minim al istic nature of nervo us net\\ Ork-based 

designs is uset·u1 is in the development or commercial ··to:·· robots. Tilden. particularly . 

has been ve ry succc s f'ul in the adapta ti on of' thi s technolog) to .. to)· · robots. ,, hi ch often 

have robust capab iliti es that are d iffi cu lt to similar ly imp lement using pu rely traditional 

robotic techniques. Examples of this include the Robosapiens - a series of capable 

humanoid wa lkin g robots - the FlyTech Dragon fl) - a biomorphic ll ye r that .flaps i ts 

1l'i11gs - to name a few. The Robosapiens. the fl agship model of robot produced by 

Ti lden. is designed to be easil) ··hackab le .. b) amateur roboticists. and as such se rve as 

si mple field testbed for amateur experimentati on and modification . The simplici t) and 

elegance of the biomorphic design techniques used in the development of these robots 

means that the Robosapiens. a humanoid wa lking. is ab le to wa lk out of the box in a wide 

range of situation and surfaces, for around Z$200, whereas a comparable ··class ical" 

humanoid. such as th e Pirkus robot (www.robot-labs.jp). costs around 2$3500. requires 

extensive programming and robotic knowledge in order to effect competent walking. and 

is limited in the adaptability of its wa lking algorithm s by the capabilitie of its onboard 

processor. 
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1.7 Summary 

The study of robotic walking has a rich and varied history, and many design 

methodologies have been explored and/or created in the pursuit of this goal. A 

significant body of contemporary research , however, has focused on imitating nature 

more closely, both mechanically and with respect to controller, sensor and actuator 

design. 

ervous networks are a powerful and developing technology that employs non-linear 

dynamics to extract useful work. They are capable of producing competent biomimetic 

behaviours in many applications, and have demonstrated great potential for the 

development of adaptive, bio-mimetic. robotic "organisms". capable of dynamically 

adjusting to survive rapidly changing, unpredictable environments. Additionally, long­

term study of Nv-neuron technology will likely result in the development of new 

mathematical techniques and theories in order to model and understand this type of 

neuronal controller. 

This Masters thesi s will explore & imulate the mechanical behaviour of a quadrupedal 

neuromorph which uses an Nv-net as its controller. The robot will only be considered at 

a geometrical level. with the controller and its expected behaviour providing contextual 

structure to the si mulations. The behaviour of the v-net core will not be analyzed. nor 

will the influence of the interface electronics between the controller and its 

actuators/sensors. This scope will produce useful & significant results to be produced in 

this rapidly developing field. while providing opportunities for future work to build on 

these results. 
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2 Robotic Platform 

2. 1 Introduction 

In ord er to explore Nv-net based robotics. it was necessa ry to construct a simple Nv-net 

robotic platform. It was decided to use a quadrupedal \\,alking platform. as not onl) is 

this an area of great interest and development in contemporary mobile robotics. but it is 

one of the "flagship" areas of v-net development. 

Many of the most successful and \\ e ll-knom1 applications of v-net technology involve 

walki ng tech nologies. including the Robosapiens series or robots. the demining robots 

developed at Los Alamos ati onal Laborator). and the vast range of \\alking robots 

developed b) ··amateur roboticists ... Because of" thi s. it \\as felt that exp loring a walking 

platform would produce useful research conclusions. as ,,ell as a llo\\in g access to a 

significant kno,, ledge base or user experience and circuit designs. 

2.2 Controller 

In the se lection of a nervous network to serve as the 'brain' or the robotic platform. there 

were two main topologies that ,,ere considered - a dual coupled bicore. and a quadcore. 

Each of these net,, orks is based on a contiguous loop or Nv-neurons. and each has been 

demonstrated to be capable of control ling a quadrupedal ,,valking robot of nominal 

degrees of freedom . 

A bicore is a topology with two Nv-neurons attached in a loop. and can be demonstrated 

to support on ly 2 stable patterns. It i the simplest possible v-net (because a network. 

by definition. must contain a minimum of two entities). but has been shown to be capable 

of produci ng useful control behaviours. 

In a dual coupled bicore. two bicore circu its are constructed. and are coupled by 

con necti ng between points A & B (A = the output of neuron I , B = the output of neuron 
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2) on each bicore (i.e. A I to A2. BI to B2). The behaviours produced by this circuit are 

somewhat more complicated and useful than that produced by a single bicore (Still et. al.. 

2006), but it remains a relatively simple circuit. 

The quadcore topology is a four v-neuron loop that can support three stable patterns. 

This topology is considered one of the largest Nv-net topologies before the theory 

becomes prohibitively complicated (Tilden, 2006), and the smallest topology before the 

process ing capability and capacity to produce usefu l behaviours starts to become overly 

min imal. In this respect, the quadcore has a large advantage over the bicore, in that it is 

an inherently more capable topology that can be designed for a wider range of 

applications. 

For the purposes of thi s project. a quadcore controller was chosen. as thi s provided the 

most stabl e and predictable output. and had the greater capabi lity for expansion in future 

work based on this project. Thi s was implemented as a ci rcuit made from di screte 

components. based on a design by (Ritger. 2002). The first revision circui t is shown in 

Figure 11 following. 

0 .1 0 .-1 

·10K 

Figure 11: Quadcore Circuit Implementation (Ritger, 2002) 

For the "draft" robot build. it was decided to build all the circuitry on prototyping board. 

or "verroboard". This is a circuit board with a series of pre-printed tracks on it, which 

allows a custom circuit to be installed thereon by cutting tracks and so ldering components 

into the grid of holes. Thi s was chosen due to the simplicity and low time-cost of thi s 
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approach. as well as the ability to easily adapt and modify the circuit without requiring a 

new circuit board for each change. 

Fo llowing the development of thi s ··prototyped·· verroboard implementation. and in order 

to incorporate additional functionality for the contro ller. a ne\v circuit was implemented 

incorporating variable resistors to allow the circu it" s behaviour to be altered --on the fl y .. . 

Variable resistor were placed in t\\ O major locations: 

I . In series with the resistor-to-ground of each individual Nv-neuron. to all ow the 

··reaction ti me .. of the neuron to be dynamical I_\ adj usted: 

7 In series wi th the outputs from the neurons to the motor drivers. to allm\ the level 

of influence between these t\\ O circuits to be controlled . 

Thi s was desi gned as a PCB to be machined on the ITE"s O\\ n PCB-making eq uipment. 

The PCB design created for the second rev i ion c ircuit is shO\\n in Figure 12 below: 

Figure 12 : Second Revision Circuit PC B Schematic 
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Unfortunately, thi s circuit was never completed to an operational state. Due to 

unforeseen behaviour in the PCB design package used, the tracks were cut very th in 

during the (subtractive) machining process. It is thought that the current-limiting effect 

of these thin tracks was a significant factor in the malfunction of thi s circuit design -

particularly. that the limited current suppl y to the motors reduced the available drive 

power below levels sufficient to successfull y move the robot. 

2.3 Actuators 

For any robot, one of the most critical features of its design is the actuators - the means 

by which the robot interacts with (and thus nav igates through) its environment. For 

wa lking robots. thi s is particularly important. as any actuators employed not only have to 

support and lift the robot. but also have to support and lift themselves. 

When electrical motors are used, thi s can cause a problem - the weight/power ratio does 

not tend to scale favourably (A llen. et. al.. 2003). This means that as the power and 

number of motors increases. the weight of those motors tends to increase out of 

proportion, causing a reduced net gai n in drive power. 

Offsetting thi s, however. is the fact that. particularly for a robot of the scale proposed 

here, the motor requires 'high' torque. but only a 'moderate' to 'low' speed. Because of 

this, it is practical to use a lower power, high speed motor, and then increase the torque to 

the necessary level s with a gear train. Although this results in significantly reduced 

motor speed, this is actually beneficial fo r the situation of a small wa lkin g robot. 

During the author's initial "thought experiments" regarding this project, based on 

observations of some other implementations of Nv-net technology. it was thought that the 

walking motion of thi s type of robotic walker mi ght be the result of exploiting the 

mechanical resonance of the robot. While thi s did not appear to the case in the design 

used here. there is the potential that as larger robots are constructed. care may need to be 
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taken to ensure the walking motion s do not unstable resonances that cou ld result in the 

robot tippi ng over. 

Many researchers have developed robo ti c wa lkers utilising such ·natural dynamics· for 

vastly improved energy and cont ro l efficiency. for example Pran·s (2000) work with the 

passive/dynamic planar walking robot --spring Flamingo... The potential exists for 

sign ificant efficienc y gains if this robot was designed to operate near its resonant 

frequenc y - due to the repetitive back-and- forth motion of the employed mode of 

walking. significant energy savings could be made. However thi s \\ ill not be analysed in 

thi s thesis. and the robot will be operated well belO\\ such resonant frequencies to 

eliminate thi s effect. 

The actuators used on the first implementation or the v-bot \\ere modified hobby 

servos. of the type orten found in remote control cars. These \\ere chosen due to the li ght 

,,eight. lo,, power consumption. self-contained gear train. and ease or acquirement. As 

hobb), servos are designed as PWM-controlled stepper motors. the on ly modification 

required to emp loy them as an ordinary DC motor/gearbo.\ combinati on \\'as the removal 

of the PWM decoding circuitry. and the so ldering of ne\, input leads di rectly to the motor 

terminal . 

2.4 Sensors 

Al though the circuit design for thi s robot does not include an) --explicit .. sensors. the 

design of the motor drivers all ows for a form of --implicit .. sensi ng to take place. Thi s 

allows the controller circuit. which would otherwise be comp letely 'b lind' to adapt to the 

world aro und it. to interact with the environment. using the actuator signal paths as both 

inputs and outputs to the system. The mechanism all ows the change in current drawn. 

caused by a change in motor loading due to environmental obstruction, for example. to 

cause a change in the voltage present on the --output" signal I ine from the v-net. 1 f this 

perturbation reaches a significant level. it can cause the firing or inhibition of the neuron , 

outside of the normal pattern traveling on the Nv-net. 
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2.5 Power Supply 

A critical component in any robotic design is the power supply - the ability to employ 

technology is directly proportional to the ability to supply energy at a suitable rate for a 

useful length of time. In order to supply power to the small. mobile robot used in this 

instance, only one energy source was logical - DC electricity, employed to power DC 

motors. In order to supply this power, two options were considered - on-board batteries, 

and an umbilical supply. 

Supplying power from an umbilical has severa l advantages. Firstly, the burden of 

carrying energy storage is removed from the robot. thus vastly reducing its mass, and thus 

the load on its legs; Secondly, any bundle of wires running to/from the robot and a remote 

station could also carry a few more wires allowing for measurements to be taken , or 

sensor signals to be read from the robot. This would be a great help in terms of detailed 

testing. as it would allow much more detailed and 'concrete' measurements to be taken. 

rather than relying on more abstract measurements to categorise robot behaviour 

Additionally this would allow the robot to use a power suppl y that a) would not degrade 

over time, and b) is able to supply larger amounts of current without degradation . This 

would remove the need to consider the drop-off of battery performance as its energy is 

depleted. while simultaneously allowing the control circuitry to better suppo11 the 

'demands' of the motors in moving the robot. 

One major concern in the consideration of an umbilical-based power supply system is 

also resultant of the robot's low mass. Because the robot has very little mass, any 

umbilical cabling would need to be designed such that it introduced no lateral forces or 

tipping moments to the robot. This would probably necessitate either the holding of the 

cable by the experimenter while the robot was in motion. or the development of a frame 

that would suspend the cable in such a way that it did not disturb the robot's operation. 
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The designs considered for such a frame followed two primary lines of thought. The first 

was to create a ri gid frame somewhat higher than the robot. with 8-10 cm of c learance 

from the robots co rners. The frame would then be supported by means of rollers or other 

low friction "feet" fo r the platform's legs. and wo uld be moved with the robot. with the 

umbilical suspended from the frame 's "ceiling". In thi s wa). any ten sion ap pli ed to the 

umbilical wo uld be likely to hilt the frame. thus all eviating the effect on the robot. and 

add itionall y it wou ld still all O\\ s impl e interve nti on by the experimenter to reso lve any 

undes irable si tuations. 

The primary dra\,back of thi s approach is that it is onl :- viable on flat smooth surfaces. 

where the fram e can rest secure!) on the surface wi thout tipping or slidin g. and yet can be 

easi ly moved without s ignificant movement · that could be transmitted to the robot via the 

umbilical. 

As an alternati ve to this arrangement. a frame \\ as considered based on a philosoph) or 

encompassi ng the robot's operative area. ra ther than continuous!) fo l lo\\ ing the robot. 

Such a frame would thu s be some\\ hat large r. most I ikel:- I - I .Sm at a side. and 

some\\·hat higher to improve the ri gidity o r the structure. The umbilical cable \\ Ould . 

similar to the mobile design. be supported by the overa rchi ng superstructure of the frame: 

however. due to the non-mobile nature of thi · design.the ca ble support s wo ul d need to be 

designed such to all O\\ the experimenter to keep the umbilical neutral relati\,e to the 

robot. 

It wa thus decided. due to the additional complexity and vari abl es that wou ld be 

introduced by pursuing an umbilical-dependant robot. that it would be simpler and more 

measurable to use an on-board power so urce - a battery. In designing such a power 

source. the primary areas of concern were the vo ltage supplied. and mass cost. In order 

for the logic gates central to the nervous network to work correctly. a suppl y voltage of 

between 3.5 - 7.5 V was required . In terms of standard battery izes. the simplest way to 

supply this was the usage of two or three AA ce ll s. connected in serie in a battery holder. 
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The other prime concern in the design of a battery-supplied robot is the mass of the 

power supply. As batteries rely on storing electrical energy in chemical form, a 

significant amount of mass (relative to the v-bot) is required to store the necessary 

energy. This is particularly significant for the actuators, as they are required to lift a 

portion of the robot's mass of the ground - any addition to the robot's mass will require 

the motors to draw more power for equivalent performance, this leading to faster drai ning 

of the power supply. However, the energy content and supply capabilities of standard 

AA cells shou ld be amp ly sufficient to offset the additional power cost induced by the 

added mass. 

2.6 Interface 

The interface refers to the circuitry used to provide an interpretation service between the 

v-net and the ·'real world", and thus allow meaningful interaction to occur between 

them. By necessity, this infers a two-way link, allowing the environment to influence the 

Nv-net via the robot's sensors, and the robot to influence the environment via its 

actuators. 

Because of the nature of this interface. this is one of the prime means by which an v-net 

controlled robot is programmed. by altering the ··interpretation'' of signals traveling 

between the environment and the robot. 

For the purposes of this robot. all interaction between the robot and its environment occur 

via the motors . Thus the interface needs to interpret signals from the Nv-net contro ll er to 

allow the robot to walk, and ideally provide a feedback path to allow the v-net to 

dynamically modify its gait in response to the environment. 

For this implementation, the interface component of the design is represented by the H­

bridge motor drivers used to transform the control signals from the Nv-net into drive 

signals of sufficient power to drive the motors. As noted in the ''Sensors" section earlier, 

the h-bridge used here is designed such that some information about the motor 's 



2: Robotic Platform 37 

interaction with the environment is able to be ··transmitted .. back to the controller. This 

h-bridge circu it was developed by Wilf Ritger (2002). and is shown in Figure 13 

following. 

Vee 

Figure 13 : H-bridgc Circu it Diagram 

2.7 Legs 
An overa rching philosophy ol' BEAM design (a major school or thought concernin g the 

development or Nv-net technology) . is that the behaviour of a robot is resultant of a 

combinati on of a ll its attributes - controller. mechanics. structure. etc ... This is al so 

refl ected in acade mia. such as Geng· s (2007) stud) or the couplin g between neural 

controllers and their mechanica l context. 

Th is bein g the ca e. the legs of the robot are of critical importance to the behaviour of the 

robot in two areas - the material characteri stics of the legs (i .e. ri gidity. elasticity). and the 

ori entation and displacement of the leg endpoints relati ve to the robot's centre of mass 

(COM). 
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2. 7 .1 Material characteristics 

Two materials were considered for usage as the Nv-bot's legs - 1.5 mm aluminium wire, 

and I mm copper wire. Copper wire was used in the initial prototype, as it seemed ideal 

due to its malleable nature - making it very easy to reconfigure into different leg shapes. 

Additiona ll y, copper wire possessed a level of "spring", or elasticity, that it was thought 

may prove useful to the robot in its operation . However, copper wire' major strength 

was also its primary weakness - the soft wire was barely able to support the robot's 

weight at rest, and the introduction of the robot's attempted motion into the experiment 

rapidl y resulted in the robot lowerin g itself onto its belly (as the legs simply folded out 

from underneath it). 

Fo llowing this failure. the aluminium wire was sourced from Gordon Warren. and proved 

much more suitable to the task required of it. The aluminium wire, although significantl y 

stiffer, sti II possessed a degree of elastic ity, and was also able to be made into more 

accurate bends. The aluminium legs stood up we ll under robot motion conditions, and 

thus were selected for continuing work. 

2.7.2 Shape 

The shape of the legs is thought to have a significant effect on the robot's motive 

behaviour. There are two major reasons for this, their influence on the transmission of 

forces from the motors to the walking surface, and the interaction between the leg's feet 

and the wa lking surface. 

As the legs essentially act as large levers driven by moments supplied by the ir respective 

motors, the shape of these legs has the ability to significantly alter the forces these 

moments exert on the surrounding environment. 

However, for the rear, horizontal -stepping leg pa11icularl y, the primary deciding factor in 

the shape of the leg is the capability of the foot to deal wi th the intended walking surface. 
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For thi s robot. as the primary operating environment is likely to be soft arteria ls such as 

carpet. a leg shape was created that should help to increase fricti on on the foot pushin g 

the robot fo rward . while dec reasing fri ction on the oppos ing foot be in g dragged fo rward 

across the walking surface . 

2.8 Chassis 

The major concern of the "chass is" design for the ro bot is to provide a lightwe ight she ll 

that will 

• hold the circuit board 

• hold (or support) the pm, er supp l_v) 

• ho ld the motors 

• maintai n a fixed relationship bet,, een the robot's center or mas'.-> and the motor 

output shaft s 

Thus. the des ign of the cha sis \V iii need to be eas il y reconli gura ble in order to 

acco mmodate alternate geometr ies. as ,, ell as being qu ite rigi d in orde r to maintain a 

parti cul ar geometry ,,hil e \\ith standing the ,, eight of the po,, er supp l). and the fo rces 

induced by the robot's motio n. 

Several candidate material s ,, ere considered. includin g aluminium. ba lsa. card boa rd. and 

pre-built plastic enclosures ( i.e. "jiffy boxes"). It was dec ided that a luminium would be 

prefi rable for a fin al "proo f' ' design of the robot. however due to the time necessa ry to 

des ign and machine such a chass is. and the permanence of the resulting structure. it was 

decided to pursue alternate materi als fo r the "draft " ro bot prototypes used in the des ign 

and experimental processes . 

Two primary material s were considered fo r the draft prototype of the robot. The first of 

these was balsa - a very I ight wood with considerable strength . Thi s wo uld be 

particul arl y ad vantageous for a small robot frame. placing minimal burden on the ro bots 
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motion. while providing a sufficientl y stiff frame to maintain the geometrical relationship 

between the robots critical movement systems. 

The alternate choice was heavy-duty cardboard. This was readily available, and had 

similar characteristics in that it was light, strong, and easily workable. The biggest single 

advantage of cardboard over balsa is the abi I ity to construct a robot chass is as a "net" - a 

foldable 2D pattern that results in a 3D construct. Us ing this technique, it was far simpler 

to construct varying chass is designs with minimal time and effort using cardboard, and it 

was thi s reconfigurability, and the simplicity of having an enclosed 3D shell on which 

things could be anchored, that contributed signifi cantly to the dec ision to use cardboard 

for the draft prototype. 

However. as the maJ or focus of this experimen t is on the electrical tuning of the v­

neurons and interface, and the mechanica l tuning of the leg contact points relative to the 

robot's centre of mass, it was decided that chassis construction was a secondary priority. 

Due to thi s decision. it was decided that. providing a chass is structure met the criteria 

outlined in at the beginning of this section, no further effo rts would be made to design or 

implement a more durable or substantial frame for the robot unti I viab le tuning results 

had been produced . Thi s allowed priority allocation of time and mental resources to the 

critical elements of the project. while still allowing provision for the construction of a 

·'better'' chassis. 

2. 9 Robot Stepping Stances 

Under the control of the quadcore nervous network described in Controller, the robot 

performs a particular four-stance gai t. The simulations however, add an additional stance 

that is not actually part of the gait - the ··square" stance, a starting stance used for 

simplicity in designing the model & simulations, and ensuring consi stency in their start 

conditions. 
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2.9.1 Stance 0 

The ··first"· (stri ctl y. zeroth ) stance is the ··sq uare .. stance - the only possib le com bination 

of jo int angles which places a ll fo ur ··feet"· in the same plane. The ca librati on of the 

joints \\ ill be such that a rotat ion of zero degrees on both joi nts wi ll resu lt in thi s stance. 

Figure 14 shows the si mulated model in stance 0. highl ighti ng the majo r feat ures of thi s 

position . 

Fig ure 14: Stance Ze ro ( \ '- leg Joint unrotated , H-l eg joint un rotated ) 

Although thi s stance does actuall y appear in the ga it proper as a transi ti onary state during 

the movement between other ranees. it is not a true part of the ga it. However, it was 

incorporated into the simulated model as the starting pos ition of the virtual robot. fo r a 

vari ety of reasons. 

Firstl y, it was unknown how much effect the starting posture of the robot coul d have on 

vari ou elements of the wa lking process. The square stance was chosen fo r thi s rol e, as it 

is the only stance that is unaffected by changes in the overa ll ro bot geometry - other 
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stances can be significantly affected by changes in the height or width of the legs, as the 

same joint angles will leave the robot in vastly different postures with varying geometry 

parameters. 

Secondly, the square stance provided the simplest way of ensuring all legs started on 

"equal footing", as it were. Due to the necessity to start a simulation execution with the 

model a few millimeters above the ground plate. the square stance ensures that no 

unexpected motion is introduced to the robot when the model lands on the ground plate 

following simulation start. 

2.9.2 Stance 1 

Stances one and three are opposites and can thus be defined to either ··side" arbitrarily; 

for the sake of this discussion , stance one will refer to the counterclockwise (CCW) 

positioning of both the horizontal- and vertical-turning legs. This configuration is the 

precursor to the robot"s next right-foot-forward step, and descends from tance 4 by the 

CCW rotation of the v-leg joint. A diagram of this particular stance is shown in Figure 

15 below. 
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Fig ure 15: Stance One (\'-leg Joint CC\\', II-leg Joint CC\\') 

2.9.3 Stance 2 

The next stage in the robot"s ,,al king pattern is the CW movement of the h-leg joint. thus 

stepping the robot"s right foot fornard. It is relative!) common for the robot to .. tip·· 

during this transition. transferring from having the rear-left tripod of feet resting on the 

ground (front left foot. and both rear feet). to resting on the front-right tripod. The typical 

stance resulting from a tipping step is shov-111 in Figure 16 below: for those geometries 

which do not undergo tipping, the robot remains balance on the rear-left tripod. but 

reso lves natura ll y to stance th ree via the standard transition. The tipping motion. and its 

cause, is discussed in section 3.5.1: Vertical Leg. 
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Figure 16: Stance Two (V- leg Joint CCW, H-leg Joint CW) 

2.9.4 Stance 3 

Stance three is the opposite-side equivalent of stance one. and as such has no particularly 

notable qualities other than those already outlined for stance one. Stance three 's place in 

the walking seq uence is shown in Figure 17 below. and is resultant from the CW 

movement of the v-leg joint. 
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Figure 17: S tance Three (\ '-leg Joint C W , I-I-leg Joint C W) 

2.9.5 Stance 4 

The fi nal stage in the robot"s step cycle is the left -side step . derived from stance three b_ 

the clockwise movement or the h-leg. resulting in a stance direc tl y oppos ite that or stance 

t,, o. T hi s is shown in Figure 18. 
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Figure 18: Stance Four (V-leg Joint CW, H-leg Joint CCW) 

2.10Untuned Behaviours 

Before any tuning was applied to the robotic platform. a series of observations were 

carried out under nominal operating conditions. These essentially involved turning the 

robot on, and observing any resultant behaviour. 

The initial observed behaviour upon activating the robot for the first time was nothing -

the motors on the initial implementation of the robot were simply not powerful enough to 

support the mass of the robot. After the modified RC- ervos were installed (section 2.3: 

Actuators). the initial reactivation of the robot resulted in a significant surprise - the robot 

began walking, somewhat jerkily, but progressed forward along a curving path for a total 

of about 6-7 steps, before the robot ran out of space to move and was manually 

deactivated. 
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2. 11 Summary 

The chosen mechanical context represents a simple quadrupedal walker. with two driven 

legs. This was chosen due to the relative simp licity of its design. its common nature in 

·v-net experimentation. and its ready cxtensibilit) to add additional capability to the 

wa lker base. As outlined earl ier in the literature review. robotic walking is cu rrentl y a 

prime research goal. and signifi cant work in euromorphics and Biomimetics is being 

furthered in thi s area. 

A real wor ld implementation or the targeted mechanical context was con structed. and 

designed to be simple. light,,eight. reconfigurable & inexpensive. Upon completion. thi s 

model exhibited --untuned .. wa lking behaviours. and provided insight & intui ti on for the 

development of simulations for further analysis of the mechanical conte:-.t. Thi s 

developed intuition ,,as then va luable for the con structi on or a mechanical simulation 

that would produc beha v iours similar to that of a robot controlled b) an v-net. 
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3 Simulation 

3. 1 Introduction 

In order to provide an objective. 111easurable environment in which to undertake tria ls to 

analyse the mechanical conte.'<l. and in order to provide an environment in \\ hich aspects 

of the wor ld and robot cou ld be easi ly changed. it was decided to pursue a si111ulated 

solution. Of primary concern \\as the abilit) or any uch simu lation package to 

accurately model JD motion. and in particu lar. accurate collision detection and friction 

111odeling to a ll O\\ for the 111odel to .. \\alk .. . 

The election or an appropriate si mulation tool \\ ill he discussed. and the construction of 

the model will be detailed. Fina l!). the ove rall simulation environment settings used to 

provide a conte.'< t for the implementation or the simul ation s \\ ill be discus ed. 

3.2 Simulation Tool 

During the initial consideration or the po. sibilities of simulating the robot. it was hoped 

that a ··complete .. modeling of the robot \\Ould he possihle - i.e. that both the mechanical 

and e lectronic components or the robot could be present in an integrated si mulation . 

To this end. the J D CAD package Sol idworks was chosen to construct the robot model, 

as the ITE has access to li censes of this so ftware. and the author is familiar with its usage 

via his undergrad uate studies. So lid works a ll ows for the creation of 3D parts as a 

combination of 2D sketches and three dimensional projections of those sketches: 111ultiple 

parts can then be combined into an a sembly. held together in a configuration defi ned by 

·'mates·· between vario us parts' features . 

In o rd er to implement the motion simulation component of this model. the So lidworks 

add -on COSMOS/Motion was used. COSMOS/Motion is seamless ly integrated into the 
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main Solidworks package, and will even automatically generate joints in the modeled 

mechanism based on the mates in the assembly. It is capable of running motion 

simulation and returning detailed results, including animations. and exporting any 

selection of those results to Excel, CSV. or several other file formats. 

It was this ab ility to export detai led results of the physical simulations, as well as the 

simple yet powerful CAD tools Solidworks provided for the creation of the robot model, 

that cemented Solidworks as the simulation tool of choice for this project. 

3.3 Pilot Run 

In order to te t the potential of the simulation to simulate a completely mobile robot. and 

to determine whether it was possible to design such a simulation to exhibit actual walking 

behaviours, it was decided to implement a rough ·'pilot run '' simulation before proceeding 

with the design of simulation runs for analysis. 

To this end, a very rough approximation of the robot' s geometry was created. without 

attempting to build a perfect replica of the real world robot. The resulting design was 

thus implemented to allow for simple integration of the model into COSMOS/Motion , 

and thus allow for exploring the necessary settings & driving function possibilities 

without any complications that could be introduced by more accurately representing the 

robot. This simple representation of the robot is shown in Figure 19 below. 
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Figure 19: Rough SolidWorks model of the ;\,Jcchanical Context 

Of particular note regarding approxi mations made in this model arc the ··feet"· (i.e. leg 

ends) and the axial st uds on the legs. The feet used in this model are square in section 

rather the ··point'"/ rounded feet or the actual robot to decrease the time investment 

requ ired to build the ·draft· model. 

At the rotary axis or each leg (i .e. the a.\is at which the leg is driven by the actuating 

motor) . a ci rcul ar protrusion \\ a added to the leg model to aid in the creation of reference 

axes. These were then used to define the necessary joi nts and relationships to cause the 

model to exhibit properly constrained movement. A ll created ··mates"" (i.e. inter-part 

relation ships) were defined so as not to cause any structural interference or conflicts. both 

--phys icall y"" and with the simulation· s solver. 

Once the quirks in the model simulation sy tems were sufficiently explored and 

understood. a similar exploration of the motion simulation functionality was undertaken. 

Th is was less for the purpose of checking for glitches. but rather with the intent of 

determining the practical effect of various setting integral to the simulation . 
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One such setting which had a demonstrably significant effect was the material 

characteristics of the "ground" surface . The initial ·'default" settings of the simulation for 

thi s surface are shown below in Figure 20. 

- -- -

Edit 3D Contact ti 
;{}> I{ Cl Apply I 
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© Impact 0 Coefficient of Restitution 
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Static Dynamic 

Velocity: 0.1 10.16 mm/sec 

Coefficient: 0.3 0.25 
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v 
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Figure 20: Initial C OSMOS/Motion Ground Surface Contact Properties 

These settings resulted in a very --bouncy'' surface. introducing significant amounts of 

jitter into the simulation. decreasing accuracy while simultaneously increasing the 

computational effort required by the so lver. This effect was additionally exacerbated due 

to a limitation of the model" s impl ementation - because it is very difficult to place the 

movi ng model directly "on" the ground surface, the robot model 's starting point was 

located several millimeters above the surface, in "square" stance, as shown below in 

Figure 2 1. 
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Figure 21: Square stance vertical offset 

Thi s allowed the model to run \\ ithout fear of interference glitches (i .e. \Vithout the model 

becoming part of the ground surface. or pro_jecting beneath its surface). although some 

further modificati ons were required to completely eradicate thi s prob lem. covered in the 

Environment sect ion following . 

3.4 Environment 

A critical com ponent of the mode ling of" a free-standing mobile robot is the environment 

in which it will move during the simulation. In this model. fo r si mpl ici ty of analysis. thi s 

was implemented as a si ngle quare ··ground plate·· . It \\ as sized such that the robot 

would require several f"ull str ides to reac h the edges. and locked in place relative to both 

the Assembly ori gin. and the Assembly"s .. top·· plane. Additionally. m 

COSMOS/Motion. thi object was defined as a ··grounded·· object. that is. an object 

which is immovable in the simulation. and repre ents the reference --ground '" for any 

moving parts in the simulation . 

The major influencing factor in its design, however. is the friction characteristics and 

flexibility assigned to the material. COSMOS/ Motion allows the modeling of both tatic 

and dynamic friction during simulation s. and as such the friction coefficients on the 

ground plane were exaggerated somewhat - the static coefficient of friction was made 
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somewhat higher, and the dynamic coefficient of friction somewhat lower, than would be 

normal. This has the effect of exaggerating the behaviour of bodies making surface 

contact with the ground plate. However, in order to ensure thi s will not undul y affect the 

outcome of the investigation, a simulation run will be undertaken to consider the effect of 

friction on the model 's behaviour. 

A major refinement in the tuning of the robot was the modification of the ground plane 

material. Initially, the ground plate was set to its default - theoretically supposed to 

simulate dry steel. However. a major problem with thi s stetting, exacerbated by the 

relati ve ly light weight of the robot, and the need to start it slightl y off the surface. was 

that the robot bounced up and down continuously throughout the simulation, resulting in 

spurious movement when there was none, and intermittent contact for the feet making it 

difficult to determine the geometric origins of any resultant motion .. 

Two solutions were implemented to fix thi s problem. Firstly, the weight of the robot was 

significantly increased, to a ·'unit" weight intended to be representative of a likely real 

world robot. The primary effect of this added weight, in addition to increasing the force 

due to gravity, was to make any COM-dependant features of the movements more 

obvious. As a side-effect, this also acted as a scaling influence on the power graphs 

measured from the displacement drivers; this is not an issue. however, as the power only 

serves to give an idea of the drivers· performance and aid in the determination of critical 

features in the robot's ga it. without absolute data being required. 

The other implemented solution was to modify the material applied by the simulation to 

the ground plate. The --springiness" was removed by reducing the penetration allowable. 

thus making it impossible for any bounce-back to occur. Additionally, friction forces 

were exaggerated somewhat. to allow for clearly defined features to be seen in any 

recorded graphs. When applying the observed results of these explorations to a phys ical 

robot, this is a major consideration - what surface(s) will the robot be required to 

navigate. what approximations of their static & dynamic friction coefficients can be 
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made. and what compromise must be made between the va rious surfaces to allow the 

robot to successfully navigate a wide range of environments. 

3.5 Mechanical Model 

For this si mulation. the mechanical model was constructed of three components. two 

mechanicall y accurate components to represent the robot"s legs. and a geometrically 

correct component to maintain the desired spatial relation sh ip bet\\een the jo ints of the 

two legs. The distinction is made as. although the legs closely represent the legs of the 

real \\Orld robot. the .. link .. component does not - it merel) geometricall) represents the 

relationship imposed on the structure by the presence or the chassis. 

3.5.1 Vertical Leg 

The robot·s ··front .. leg is the leg v\ ith a rotational axis along the horizontal axis - thus the 

leg ··steps .. in the vert ical plane. Due lo thi s fact. the leg is common\) referred to 

throughout this thesis as the vertical leg. vertical-stepping leg. or v-leg. This leg is 

responsible for shifting the robots centre of' mas in such a \\3) that facili tates \\alking. 

Because this leg operates pure!) in the vertical plane. no possible contribution to forward 

movement can be direct!) made b) this leg. unless the change in geometry caused b1 its 

movement causes the robot to .. tip ... 
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This ·'tipping'· behaviour is a special geometric case where the robot's centre of gravity 

passes across the robot's .. centre of balance" - the line between the hypotenuse of a 

triangular stance - the stance that results if any rotation is present on the front leg. The 

following figure shows this sequence of events to illustrate the geometrical process that 

allows tipping to occur. 

Figure 22: Sequence of Events for Tipping within a Step 

In terms of design. the vertical leg is very simple - it was only necessary to measure the 

legs that were to be used for the real-world implementation of the robot. and create a 

single planar profile in Solidworks that could be extruded to form a ] -dimensional 

structure. In order to approximate the leg's shape. the resulting "square-edged" structure 

was filleted all over. with a fillet diameter equal to the thickness of the extrusion. Thi s 

created a wire like structure. with round " feet ''. which is a reasonabl y close equivalent to 

the real world robot. 

The effect of the foot shape on the robot ' s behaviour is likely to vary greatly across 

different surface types, and there was some concern that the usage of round feet might 

significantly increase the simulation time required to model the legs' movement. 

However it was decided to continue using the rounded legs. as these were likely to 
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maintain the most consistent contact profile as the legs move and rotate. Due to the time 

limitations of a Masters thesi s. this design aspect of the Nv-walker mechanical context 

w ill not be considered in depth . 

3.5.2 Horizontal Leg 

The rear leg of the robot rotates around a vertical!) oriented axi s. and is slightl y more 

complicated in tructure than the v-l eg. Although there are severa l h-leg des igns 

common within th e com mu nit). thi s particular des ign was chosen due to its likely 

improved friction profile when operating on surfaces such as carpet and the outdoors. 

The followin g fi gure sho\,·s the chosen design geo rn etr) fo r the h-leg. 

Figure 23: Simul ated H-leg Geometry 

3.5.3 Chassis Link 

The chassis link is the final component in the model, and holds the h- and v-legs in a 

fixed geometric relationship between each other. The major complication in the design 

of thi s component relates to thi s purpose, and thus the model 's geometry must be 
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designed such that, as the dimensions of the legs change (during the course of the 

simulations, for example), the chassis link changes also to maintain their relationship. 

In order to implement this, large discs were incorporated into the model of each leg, 

centered about each leg's respective centers of rotation. Similar discs were than created 

at the end points of the chassis link, to provide for a reference point, and also to ensure 

that very simple mates (i .e .. co-radial mates) between the various parts could produce the 

desired effect. 

The relationship between the legs is defined such that, if each leg's rotation is 0, all four 

feet lie within the same plane. Connecting these discs was a diagonal member, with its 

dimensions designed such that, as the parameters of the various legs change, the chassis 

link will maintain the necessary relationship to ensure that the robot ' s "square" stance 

remains intact. 

The chassis link is currently designed under the assumption that the h-leg will always be 

shorter than the v-leg; the ability to deal with other cases could be provided for, but the e 

cases are beyond both the need and timescale of this project. 

3. 6 Motion Model 

In implementing the motion model in COSMOS/Motion. three motion relationships were 

also used: One each to correctly create the joints between the legs on the link. and one 

container to manage the contact between any part of the model and the ground plate. 

3.6.1 Joints 

Between mechanically linked objects. joints are defined which express and manage the 

constraints of the mechanism. Only two joints are present in this robot. implemented as 

1-DOF actuated rotary joints, representing the motors on the real-I ife robot. 



3: Sim ulation 59 

These joints are defi ned as bei ng re lated to two bod ies. and constra ined about some 

particul ar ax is o f' ro tati on. The jo ints implemented in the simulatio n are shovvn in the 

Fi gure 24 and Figure 25 fo ll owing. 
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Figure 25: Vertical-stepping Leg Joint on Simulated Mechanical Context 

3.6.2 Contact 

3: Simulation 

In order to manage contact between enti ties. COSMOS/Motion requires the creation of an 

object that manages and associates ··coll idable'' objects with one another. In the case of 

this model , the ··30 Contact'' container object was used, and the ground plate associated 

as the grounded object in the model. while the others were established as being dynamic. 

The settings for thi s contact object are shown in the screenshot Figure 26 below. 
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Fig ure 26: 30 Contact Definition for S imulated l\1echanical Context 

3. 7 Simulation Settings 

61 

The settings used to configure the simulator were the same for eac h of the simul ati ons 

executed. and are shown in Figure 27 be lo,, . These settin gs ,vere chosen to prov ide a 

hi gh accurac y simul ati on. parti cul arl y the prod uction of - 2000 --frames .. over 20 second s 

( I 00 frames of simul ati on per second ). the usage of the ··Prec ise Geometry fo r 3D 

Contacts .. option (which fac ilitated more accurate interacti ons between the feet and the 

ground plate). and the usage of a fin e accuracy setting in the o lver configurati on. The 

WSTI FF so lver was chosen after tri aling vari ous so lvers using the ··pilot run .. s imulation 

- the WST I FF algorithm produced the cleanest results. with the minimal glitching. 
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Figure 27: Simulation Settings 

3.8 Summary 

In order to investi gate the behav iour of the mechanica l context studied in thi s thes is, and 

due to compli cat ions in deve loping a rea l-world implementat ion of it in a robot. a 

simulation was developed in the So lidWork CA D software package. using the 

COSMOS/Motion add-on. 

A rough model of the mechanical context' s geometry was then developed within thi s 

simulation environment, and a successful pilot run undertaken as a ·'proof of concept'' 

test. Thi s also served to prov ide information regarding the si mulation package 's 

influence and necessary des ign considerations, providing a fra mework and knowledge 

base from which the primary simulations of thi s study could be developed. 

A more representative model of the mechanical context was then des igned. and 

implemented in such a way as to be useful fo r a wide vari ety of poss ible tri als. So lutions 

were found to probl ems identified in the pilot run , and the various parts of the context 
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were linked using appropriate simulational relationships, in order to manage inter-part 

contact, as well as enabling the joints to be controlled by a time-domain transfer function . 

The internal settin gs of the COSMOS/Motion simulation engine ,,ere then fine-tuned to 

provide results that ,,ere as-accurate-as-practica l: this combined confi guration of 

simulated model and sim ulation settings was then used to create a template .. document'". 

such that each simulation or trial could be derived from the sa me startin g point. 
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4 Methodology 

4. 1 Introduction 

The development of experimental methodologies for the simulated mechanical context 

was approached using a hybrid approach of top-down and bottom-up techniques. 

From the bottom up. the problem was considered in terms of simulation inputs - what 

factors would have a significant impact on the robot's walking behaviour. This includes 

influences such as leg shape. relative leg sizes, environmental friction, motor turn angles. 

etc ... 

Considering the problem from the top down, the required simulation outputs were listed -

particularly that a stable. identifiable operating point needed to be found for driving the 

simulated robot's actuators to effect walking. and the testing of thi s operating point to 

determine its optimality. 

The following sections present the methodologies and simulations employed by this 

project, approached from each of the above described angles. 

4.2 Experimental Design 

In exploring the relationship between the leg geometry of an v-net walker and its gait, 

there are a multitude of factors that require consideration. 

Due to the mechanical focus of this thesis, the control of the robot ' s legs is only 

considered from the perspective of the system output - it will be left to a future study to 

analyse the tuning and influence of the internal controller and interface design on such 

robots' performance. 
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This appears superficially contrary to the BEAM design methodology often employed in 

the design and implementation of such robots. however in order to so lidify the theoretical 

underpinning of such machines. it is not feasi bl e to considerable all fac tors at once. The 

resea rch conducted in the course of thi s thesis revealed signilicant insights into the 

influence of the robot"s leg gcomctr) or the walking gait: this can be used as a steppi ng-

tone for future research into the interface and controller. and eventua ll y to developing a 

theoretical understandin g the entire system as a trul y mechatro nic device - a art ific iall y 

des ign ymbiotic system involving hi ghl y interdependent subsystems of different 

engin eering fie ld . 

To anal)se the mechanical propert ies or the mechanism. it \\as first necessa1") to isolate 

the potent ial factors that could influence the robot"s wa lking ga it. and to determine 

suitab le metrics \\hich could be used to quantify the behaviour of the robot·s ga it. and the 

outcome of explorations into individual components of the robot"s geometry. 

There are three major comr,onents to the robot·s mechanical structure \\h en vie \\ ed from 

a geometric perspective: the front. vertical leg ( or , -leg). the rear. hori zon ta I leg ( or h­

leg). and the linkage bet\\een them that maintain s the re lative positions of the functi ona l 

axes o l'these legs. Connecting thi lin kage and the relevant legs are revolute.1oints wi th I 

DOF. The followi ng fig ure shO\\ S an exploded vie\, or the robot. to illustrate the 

relation ship betv,een these parts. 
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Figure 28: Exploded view of Simu lated Robot showing Joint/ Link Geometry 

Under the robotic design outlined in section 2 (Robotic Platform), the vertical leg is the 

simpler of the two legs. and its behaviour can be defined by three parameters which 

determine the influence of the leg on the rest of the mechanical system. 

Firstl y, and certainly the factor most influencing the design of the control and interface 

portions of the robot, the motion of the h-leg joint is critical to defining the behaviour of 

the robot. It is assumed in thi s project that the motion will be perfectl y mirrored around 

the --square· stance. however in the real-world. it is often necessary to apply external 

forces to the rotation of thi s joint, in order to ensure its centricity (such as the 

construction of hardware stops. the incorporation of limit-switches. or the usage of 

springs to bias the legs). Without the centricity of the leg ' s rotation as a factor. thi s 

leaves the maximum angular displacement of the leg as the so le factor here; the angular 
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velocity at which the leg moves may be a minor factor. particularly at higher velocities, 

however this factor wil l not be considered. 

The other two factors involve the shape of the leg it e lf. its height and width. The v- leg 

is planar. and thus posses no meaningful dimension in the z-ax i~. In concert. these two 

parameters determine the force the motor' s torque applies to the ground. and will likely 

have other influence over the behaviour of the robot"s gait. when considered in light of 

other components of the robot"s geometry. 

The h-leg is slightl) more complicated that than the v-leg. in the sense that it possesses 

three dimensional properties. height. width and depth. Ho\\,ever. to express the shape or 

the leg accurately. it is nece ary to construct it from/our dimensions - the leg's height. 

width and depth (y. x. z). and also the angle (alpha) at,, hich the lower portion of the leg 

departs from the ve rtical. Figure 29 belo\\ demonstrates the inllucnce of each of these 

quantities on the shape of the leg. 

) 

--· I 
/ I 

I 

Figure 29: H- leg Geometry 



68 4: Methodology 

For the purposes of this investigation, and in part due to the limitations of the simulation 

environment, the influence of the angled portion of the leg geometry will not be 

considered. This shape is designed primarily to aid the movement of the robot across real 

world surfaces, such as carpet or sand, by increasing the force the turning h-leg is able to 

apply before slipping of the feet occurs. 

Much like the v-leg, the width and depth of the leg determine the transmission of force 

from the motor to the environment, and as such could likely have a significant effect on 

the motion of the robot. Additionally, all three leg dimensions are likely to influence the 

motion of this part in response to other movement in the geometry. 

Also similar to the v-leg, the other defining influence of the h-leg component is the joint 

between the h-leg and the linkage between the leg; more precisely, the maximum angles 

to which it turns. Again assuming perfect centricity of the leg's motion , the maximum 

rotation angles and their accompanying velocity characteristics are the parameters of the 

joint that can influence the behaviour of the robotic system. 

Lastly, the linkage between the two legs has several critical influences. One of 

considerable import is that the robot 's centre of mass is located in (or very near to) this 

part. as it represents the main chassis of the robot, were all circuitry, batteries, and non­

moving structural components are located. As the legs move, the COM will shift slightly, 

but will always be "attached'' to this component. 

Additionally, this component inherentl y determines the relationship between the motion 

of the two leg ' s. as it fixes the relative positions of the joints controller the legs ' motion. 

Thus when one leg moves, reaction forces ·'oppose'· its movement from two sources -

firstly the ground via the leg' s feet. and secondly the ground via the other leg' s feet , 

transmitted through the leg and inter-leg linkage. For the purposes of this exploration, 

several assumptions about the structure of this linkage will be made including: 

• Symmetry: the linkage is shaped such that it lies in the plane defined by 

the axis unit vectors of the two legs. This ensures that all forces in the leg 
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syste111 act in concert, and that no power is wasted unnecessaril y. Despite 

thi s. the effect of a non-sy111metric linkage between the legs cou ld provide 

intere ting insights. but would be best investiga ted in another tudy 

• Height : the local vertical co111ponent of the linkage·s di111ensions will be 

such that. when added to the shorter of the leg 's local ve rtical dimensions. 

it is eq ual to the vertical di111ension or the longer leg. Or. phrased 

diffe rently. the local vertical height or the legs and linkage will be 

deter111ined such that the loca l vertical vec tors are parallel to the glohu/ 

verti cal vector'" hen the robot is in square stance . 

As there are quite a large number o l' variabl es that ,, ould be poss ible to analyse or 

measure. in order to fo rm explorator) experi ments feasib le " ithin the scope of thi s thesis. 

the following va ri ables ,, ere chosen as con tro l. dri vi ng. or output , ariab les. 

Cont ro ll ed vari ables are those that ,,ill be altered in the course ofan experi111ental run. to 

observe the difference in the behav iour of output va riables from consecut ive execution 

of the experiment. Va riab les chosen as inlluencing fac tors to consider in this manner 

include : 

• h-leg ,, idth 

• h-leg height (a nd thus the height of the linkage) 

• v-l eg angles 

• h-leg angles 

The wid th and hei ght of the v-leg will not be considered in thi s 111anner. but rather set to a 

--unit". dimension. and the experiments conducted considering primarily the ratio between 

respect ive v-leg and h-leg dimen sions. Some trials will be performed to deter111ine the 

va lidity of this approach. and it i hoped the ratio 111ay ex hibit linear correlation to a 

measured output characteri stic. 

Drivi ng variabl es are effective ly the input to the transfer function defined by the control 

variab les. and produce an output that wi II (presu111ably) be different depending on the 
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exact value of the control variables. Variables chosen to ··drive'· experiments 111 this 

fashion include: 

• h-leg angle 

• v-leg angle 

Output variables are those that will be measured in order to quantify the robot"s 

behaviour; they describe how the system moves in response to the changes in control and 

incidental variables. These variables include: 

• COM position (for simplicity"s sake. measured as the centre of mass of the 

linkage, without taking the position of the legs into account) 

• H-leg angle 

• V-leg joint power 

• H-leg joint power 

4.3 Research Questions 

In the context of the variables and other cons iderations outlined above. a series of 

questions were developed. summari sed in Table 3. These will then be used to develop 

suitable simulations, needed to be answered, in order to provide an overal I picture of the 

mechanical factors influencing the Nv-bot 's gait. 

ID Research Question Summary 

I Are there any identifiable features in the robot 's si mulated behaviour that could 

be used to extract parameters to define the walking motion? 

2 If such features are found. and parameters extracted, do these parameters lead to 

successful walking? 
,., 

Are these parameters optimal? .) 

4 Are walking parameters primarily affected by changes in horizontal or vertical 

leg dimension? 

5 Are walking parameters primaril y influenced by relative or absolute geometry 

factors? 
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6 What influence do surface properties (particularl y. static & dynamic coefficients 

of friction) have on the optimality o f"the ex tracted parameters'? 

Table 3 : S um mary of Research Questio ns 

4.4 Simulation Runs 

In order to satisfy the research question s outlined in the prev ious section. severa l 

si mulati on run s were developed to test the influence of various facto rs on the mechanical 

context's walking behaviour. Each of th ese experim ents takes a series of inputs. app li es a 

methodo log) to those inputs across multiple simulation s. and prod uces a series of 

outputs. which may be used in further simulati ons or s imply as results for 

considerati on and analysis . 

4.4.1 Alpha 

.-l11.,·11 ·ering Question I : .-Ire there am · iclent{fiahle features in the rohot 's ,"i11111/atecl 

hehal'iour that could he used to extract parameters to define the 1l'lllki11g motion / 

Inputs 

Fixed Variables: 

• V-leg Width 

• V-leg Height 
• H-leg Height 

Alpha Simulation Run 

Controll ed Variab les: 

• H-leg Width 

Dri ven Variables: 

• V-leg Rotation 

Measured Variables 

• H-leg Rotati on 

Table 4: Alph a Run Va riab les and O utputs 

Outputs 

Produced Results: 

• Graph : 
V-leg ngle 
versus H-leg 
A ngle 

The intent of the Alpha run simulations is to produce data that can be used in the 

development of v iable walking ga its for the robot. Thus it does not seek to test anything 
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per se, but rather to provide a body of data from which useful information and 

observations regarding the robot's mechanical behaviour can be derived . In particular. it 

is hoped that clearly defined features wi II be apparent in the graphs produced from this 

simulation run . that can then be used as reference points to understand the walking 

behaviour of the robot. and calculate appropriate gaits. 

To this end, the Alpha run simulations will drive the v-leg joint in one direction. starting 

from square stance; the h-leg joint will be left free. and the behaviour of the h-leg in 

response to the v-leg's movement will be observed. 

Experiences gained from the pilot run (section 3.3 (Pilot Run)) suggested that the 

relationship between the horizontal- and vertical-stepping legs held promise for 

answering this question. Although each leg certainly exerts a force on the other. Each 

movement of each leg influences the other. however the geometrical arrangement of the 

robot is such that no force introduced to the v-leg by the action of the h-leg is capable of 

altering the position of the v-leg. even if the v-leg joint is free to move. 

Because the v-leg·s axis of rotation is parallel to the ground plate. and the v-leg is 

symmetrical around this axis. the stable position of the leg is to rest in "square'' stance -

i.e. with both feet on the ground. Any forces introduced by the h-leg will be along the 

plane of the ground plate. and thus while it could potentially displace the v-leg (and 

indeed, this is necessary for walking to occur), it is incapable of applying a moment to the 

v-leg's joint. In order to do this, uneven forces would need to be exerted on each foot. 

with non-zero components to the force that were orthogonal to the axis of rotation. This 

is an impossible situation , and thus it is not necessary to run a trial with a driven h-leg. 

and free v-leg. 

The v-leg's movement. however. has the capability to significantly affect the status of an 

unrestrained h-leg. It stands to reason that. as the v-leg turns. one of two things must 

happen to accommodate the movement of the robot. The first possibility is that as one of 
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the v-l eg feet ri ses off the ground. th e other slips - thi s will resul t in the verti ca l motion 

of the v-leg joint. and littl e other direct impact on the robot's stance. 

The second poss ibility is that. as the v-leg jo int turns. the h-leg joint rotates 

sympatheti ca ll y. skewing the robot such that the v-leg foo t still on the ground does not 

move. Interestingly. both of these cases are equ iva lent: they each result in the same fin al 

robot tance. 

Thus. \\'hil e there is littl e poss ibility fo r the h-l eg· s movement to influence the posi ti on of 

the v-l eg. there ex ists significant potenti al fo r th e v-l eg· s movement to cause moti on of 

the h-leg - determi ning the extent and natu re of this influence is expected to be criti cal in 

determining the mechani ca l conditi ons o r a prolicient walking ga it fo r thi s robot. 

The cont ro ll ed variables in this simu la ti on run are the width s o r the h- and v-l egs. The 

\\ idth of the v-l eg will be held constant. and the h-leg ·s \vidth \\ il l be varied relative to 

thi s. In the Delta imul ati on run . both the v-l eg \\'i dth and h-l eg \\idth \\ill be va ri ed\\ ith 

simi la r driv ing and free variab le condit ions. "hich " i 11 de monstrate \\ hether these Alpha 

ru n results ma1 be analysed from a re lative perspecti ve. o r ii' the) must be considered in 

absolu te terms. 

The princip le outputs of thi s simulation run \\ ill be an;- identified behaviou ral fea tures 

identified in the simul ati on executions. and the conjectured v\ alki ng ga it parameters 

derived from any such feat ures. The fea tures wi ll be di scussed in the results section. and 

the deri ved parameters will be used in '"downstream .. s imulati on runs. Additionally. 

other simulati on runs. part icul ar Gamma th ro ugh Epsil on. will use thi s simu lation as a 

refe rence point to compare the effect of contro lling other va ri abl es in vo lved in the 

simulati on. 
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4.4.2 Beta 

Answering Question 2: ff such.features are.found, and parameters extracted, do these 

parameters lead to success/iii walking? 

lnouts 

Fixed Variables: 
• V-leg Width 
• V-leg Height 
• H-leg Height 

Upstream Variables 
• V-leg Rotation 
• H-leg Rotation 

and 

Question 3: Are these parameters optimal? 

Beta Simulation Run 

Controlled Variables: 
• H-leg Width 

Driven Variables: 
• V-leg Rotation 
• H-leg Rotation 

Table 5: Beta Run Variables and Outputs 

Outouts 

Measured Variables 
• COM Displacement 
• Power consumed 

Produced Results: 
• Graphs: 

o Centre of Mass Path 
(X. Y. Z) 

• Metrics: 
o Peak Power Dissipated 

per Step 

The purpose of the beta simulation run is twofold - first , to establish whether the results 

obtained from the alpha run simulations lead to a successful walking gait. and second, to 

establish whether this gait is the "most proficient" possible from that configuration. 

In the pursuit of both of these goals. the results from the alpha run simu lations will be 

analysed to determine any prominent features or relationships between the motions of the 

two legs. Experience gathered during the pilot run simu lations suggest that, for many 

va lues of h-leg width w11 , that rotating the v-leg joint wi ll actually result in v-stepp ing of 

the h-leg. It is hoped that plots of h-leg angle against v- leg angle wil l display significant 

features , or at least a very strong relationship, to allow useful data points to be extracted 

for gait isolation. 
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The primary parameters of concern are the angles suggested by the results to describe the 

optimum gait for that leg topology. This can be expressed as a four dimensional 

parameter vector. 

11 ' 
I' 111111 

11 ' I, 111111 

Pu,, = 
1°,1 0 

1°1,1 
0 

For example. at 1r
11 

= 150111111: 

100 

150 

8.617 

28.340 

Equation J: Beta Run Param eter Vector Co nstruction 

Once thi s parameter set has been developed !'or a particular leg geometr:. a driving 

function must be created to define a gait using the spec i lied _joint angles. 

To implement thi s driving !'unction, it was necessar) to use an "expression" type !'unction 

within COSMOS/Motion's joint editor. This allowed for the definition of a mathematical 

composite of the "simple" function types (such as STEP. HARMONI C. CONSTANT. 

etc ... ). and thus for the creation of a piece,, ise-nonlinear equation. The parameters from 

the vector (Equation 3 above) are distributed across the driver function expression as 

shovm belo,, in Eq uation 4: 

0,. ="STEP(TIM E.0.0D,2, 10, "'·" I)+ STEP(TIM E.5,0D.7.-2 -10,"''" I) 
+ STEP(TIM E, I 0.0D. 12,2. 10,"'" I)+ ST P(TIME.15.0D.17.-2 . 10,"'·" I} 

01, ="STEP(TIM E,2.5.0D,4.5,-10hm." I)+ ST P(TIM ,7.5 ,0 D.9.5,2. 10hm," I) 
+ STEP(TfME, f 2.5,0D. J 4.5 .-2 · 10h m." I)+ STEP(Tf ME, J 7.5,0D, f 9.5,2 · 10hm." I} 

Equation 4: Vertical & l-lorizontal Leg Driver Functions for Beta Simulation Run 
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These driving expressions cover 2.5 steps (i.e. first "half' step from square stance, 

followed by two full steps), and are constructed via an automated excel spreadsheet 

developed by the author, in order to minimise errors and al low for rapid turnover between 

simu lations. The output expressions are copied into the relevant joints in the simulated 

model , and the simulation executed . 

Upon completion of a si mulation, the first purpose of this run can be fulfilled by mere 

observation: did the robot successfull y move due to the implemented ga it parameters? 

Were there any particularly odd movement artifacts to suggest non-viable parameters? 

Desp ite the "subjecti ve" nature of th is test. the human eye is capable of j udging the 

proficiency of walking ga its with surpri sing facility, likel y in part due to the observation 

of many different such gaits of people and creatures around us everyday (Ti lden, 2006). 

For the second purpose of this simulat ion run. however. more objecti ve ev idence needs to 

be co llected. In particular, to determine the proficiency of the ga it, the behaviour of two 

major variab les wi ll be considered - the movement of the robot's COM, and the power 

expended by the leg joints over the course of the ga it. The 3 D path traced by the robot's 

COM provides everal usefu l insights - how "bumpy" the ga it is (described by Y-axis 

movement. and is expected to be similar for most ga its). the "stride benefit". or forward 

di stance ga ined per stride. and the "stride loss". or the sideways deviation from a 

perfectly straight movement. For the purposes of thi s thesi s, the stride benefit and loss 

will not be considered separatel y. but rather be combined (v ia the Pythagorean theorem) 

to provide the stride length. or total displacement per stride of the COM ' s proj ection on 

the ground plane. 

Ideall y. the power expended throughout the ga it would have been represented by 

ca lculating the work done by each joint over the ga its' operation ; unfortunatel y. however, 

trial runs showed that the results returned (Instantaneous Power against Time) by the 

simulation engine were, for the most part, far too noi sy and/or di storted for meaningful 

Work calculations to be done. 
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Instead. peak power consumed by the joints in each of their respective steps will be 

reported - thi s gives an idea of the --effort" the robot must expend to complete each step. 

as the shape of the power trace across each step is regular. For fu rther study. a more 

accurate simulation engine is recommended so that work done can be studied directl y: if 

thi s is not available. a regress ion analysis on a non-di tarted secti on of data could 

potentiall y yie ld a generali sab le equation for th e shape of the power trace across a step . 

Thi s could then be applied across noisier secti ons of data. as the critical dimensions (x ­

axis width and y-axis height) of the trace can be measured or inferred in a lmost al l cases. 

By integrating thi s --shape function··. with the relevant parameters ex tracted from the step 

in question. an est imate of the \\ 'Ork done per step could be produced: the time required 

for a suitable regression analys is unfortunately puts this prospect beyond the acceptabl e 

ti me-scope fo r thi project. 

In order to provide a context\\ ithin \\ hich these "protic ie11C) indicators" can be rated . the 

beta simulati on for a single parameter vector \\ ill consist or five run - one exact!) as 

descr ibed in the vec tor. and simulat ions at 5% and I 0% both above and belO\\ the h-leg 

angle defined in the vec tor (as ,, e ll as th e corresponding v-l eg angle correspond ing to thi s 

from the alpha run results) . The h-kg\ behaviour is expected to be a major determinant 

of a ga it's performance. and by considering a range of' va lues around the co n_j ectured 

"optimum point" identified in the alpha simu lati on. thi s ,, ill provide an ind ication or ho\\ 

predictive the ori gi nating featu res of the parameter vector is of stride opti mality. 

4.4.3 Gamma 

Answering Question./: Are ,val king parameters primarily affected by changes in 

hori::ontal or vertical leg dimension? 
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Inputs Gamma Simulation Run 

Fixed Variables: Controlled Variables: 
• V-leg Width • H-leg Width 
• V-leg Height • H-leg Height 

Driven Variables: 
• V-leg Rotation 

Figure 30: Gamma Run Variables & Outputs 
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Outputs 

Measured Variables 
• H-leg Rotation 

Produced Results: 
• Graphs: 

o V-leg Angle versus H­
leg Angle 

The gamma simulation run is intended to indicate the likely effect of h-leg height 

(relative to v-leg height) on the walking behaviour of the robot 's geometry. 

In order to observe this relationship. a simulation format similar to that of run alpha will 

be used. In this case. however, only a small number of executions will be made. Several 

h-widths will be chosen, across the breadth of the range tested in the alpha run. and at 

each of these four h-widths, three different h-heights will be test~ 60%, 90%, and 110% 

of the v-leg height (the original Alpha trial providing a fourth dataset). These trials will 

be undertaken in exactly the same way as for run alpha, with the v-leg driven through a 

suitable ·'STEP" function , and the h-leg remain free-jointed. 

A sub simulation run , similar to the beta run. will then be undertaken; should a significant 

relationship between h-leg height (and thus extracted walking parameters) and the 

walking behaviour of the mechanical context exist, this will become evident in the results 

produced by this trial. A comparison of the relative influences of relative h-leg height 

and width will then be possible, thus aiding future robotic designs by highlighting the 

criticality of these features. 
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4.4.4 Delta 

Answering Question 5: Are 1ralking parameters primari(1• i11fluenced by relative vr 

absolute geometry.factors? 

Inputs Delta Simulation Run 

Fixed Variab les: Controlled Variables: 
• I-I-leg Height • I-I-leg Width 
• Y- leg Height • V-l eg Width 

Driven Variab les: 
• V-leg Rotation 

Figure 31: Delta Run \ "ariables .. ~ Outputs 

Outputs 

Measured Variables 
• I-I-leg Rotation 

Produced Resu Its: 
• Graphs : 

o V-l eg Angle versus I-I­
leg Angle 

In order to answer this questi on. a s imulation simi lar to that used in the alpha run \\ill be 

emplo)ed. in \\hich there arc t\\O controlled va ri ab les - the \\idths or the horizontal- and 

vertica l-stepping legs. Four v-leg width s will be chosen. and for each or these. 

simulations will be run at all\ relative h-leg \\ idths which are shO\\n to be signilicant 

after the comp leti on of the alpha run si mulations. The alpha run si mulations themse lves 

will also contribute a dataset_ th us meaning the delta run wi ll effect ive ly exam ine five 

different v-leg wid ths. 

It is thought that. if each of these trials (i.e. per v-leg wid th ) exhibit si milar behavio urs, 

then the mechanical context's wa lking behaviour is primaril y influenced by the relati ve 

width s of the legs. The reverse to thi s - that wa lking behaviour is determined by the 

abso lute widths of the legs - wi ll be con idered true if the va ri ous v-leg widths 

demonstrated significantl y different behaviours at the same relative h-l eg widths. 
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Should the latter be the case, and the behaviour of the mechanica l context when applied 

to walking be determined by the abso lute widths of the h-leg, thi s wo uld suggest that the 

horizontal-stepping leg is the primary contributor to walking behav iour. 

4.4.5 Epsilon 

Answering Question 6: What influence do surface properties (particularly, static & 

dynamic coefficients offi-iction) have on the optimality of extracted parameters? 

Inputs 

Fixed Variables: 
• H-leg Height 
• V-leg Hei ght 
• V-leg Width 

Epsilon Simulation Run 

Control led Variables: 
• H-leg Width 
• Stati c friction coeff. 
• Dynamic friction 

coeff. 

Driven Variables: 
• V-leg Rotat ion 

Figure 32: Epsilon Run Variab les & Outputs 

Outputs 

Measured Variables 
• H-leg Rotation 

Produced Results: 
• Graphs: 

o V-leg Angle versus H­
Ieg Angl e 

A maJor component of the simulations that will not be analysed in any of the 

aforementioned simulation ru ns is the friction properties of the ground plane. As 

mentioned in section 3.4 (Environment), the friction characteri stics of the ground surface 

were deliberately exaggerated in the development of the si mulation, in order to 

accentuate the results and allow for easy identi fication of features . However, as a major 

component of the robot ' s movement is dependant on the interplay between static & 

dynamic friction forces ( due to the necess ity of friction between the ·'feet '' and the ground 

for the feet to move the robot), it is necessary to at least briefly explore the implications 

of the friction coefficients on a walking gait ' s proficiency. 
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In order to do thi s. the Epsilon run simulation wi ll be modeled on the Al pha run. and thus 

use a fixed v-leg width. with a varied h-leg width to provide context. The primary 

controlled variables will be the static and dynamic coefficients of friction. however 

in stead of being expressed as two absolute va lues. these two coefficients will be 

described as an absolute va lue (for the dynamic coe fficient of friction) and a delta value 

(for the static coefficient of fricti on. relati ve to the d) namic coefficient) . 

This simulation run will be run at each of five h-leg widths (95%. 100%. 150%. 200% 

and 205% of the v-leg width). and nine executions will be run at each h-leg width . The 

parameter values for each of these executions is shown below. relati ve to a base value 

! 
Execution Dynamic Coefficient Static Coefficient 

I A A I 
I 

7 A A* I 05% I 
i 

,., 
A A*l 10% ! .) 

4 2A 2A 

5 2A (2A )* 105% 
I 

6 2A I (2A)* 110% 
- -- I 7 3A 3A 

8 3A I (3A )* I 05% 

9 3A (3A)* 110% 

Table 6: Friction C oefficients for Executions of Epsi lon run Simulations 

If enough time i available. an additional round of executions will be performed with the 

static coefficient less than the dynamic coefficient of friction - although this situation is 

rarel y encountered in nature. the results of these simulations may prove in sightful into 

robot behaviour in environments exhibiting ··unusual .. or ··unexpected .. phys ics. 

The output data from thi si mulati on run will be compared with the Alpha run results. 

thus providing an indication of the influence of friction on the robot's walking behaviour. 
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This data will not be used in any further simulation. unless features of significant import 

are observed in the robot' s behaviour; rather. these results will be purely used for 

discussion purposes. 

4.5 Selection of Driver Functions 

Two major options were considered when attempting to determine the best type of driver 

to power the simulation : displacement or force drivers. 

Force drivers were the mean s used to power the initial ·'pilot run" simulation run . They 

were chosen as they allowed for the interaction of forces external to the leg ' s driving joint 

to influence the motion of the leg. Thi s meant that, as one leg turned, it could influence 

the other leg, and vice versa . 

In the author ' s initial thinking and hypotheses for how the Nv-bots wa lking gait might 

work, it was thought thi s interaction between the legs during the wa lking cycle would be 

a necessary factor, and that by being able to precisely control the force supplied. it would 

poss ible to exactly model the motor used in the real-world robot. 

The latter of those points was one of the strongest arguments for the usage of force 

drivers, as the more accurate the simulated model was to the author ' s real-world robot. 

the easier it would be to implement the results. and provide more time for the debugging 

of the real-world robot. However, this could also be considered a significant 

di sadvantage, as, in order to accurately represent the motor in COSMOS/Motion , it would 

be necessary to somehow determine the motor 's characteristics - an activity which was 

beyond the capability of the equipment the author had access to. 

Additionally, being able to preci sely determine the force applied to the motors over time 

could be considered a mixed blessing - thi s approach would vastly increase the amount 

of mathematical modeling required to manually determine the correct force/time 

function s to turn the motors to the correct angles, in both si mulation and reality 
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Di splacement dri vers are simpler to implement. as they are encoded as a moti on directly 

in the jo in t defini tion. o additi onal math s is requ ired to model exactl y how fa r the joint 

will turn . as thi s is defin ed in the fun cti on parameters. Addi tiona ll y. a displacement 

dri ver wi ll de li ver whatever power is necessary to successful! ) turn the joint to the 

required angle. reducin g the need for external mathematical modeling. These results can 

then be used to ass ist in motor se lection for the construction of real-world Nv-net based 

walker robots. 

The major di sadvantage of disp lacement dri vers. ho\\ ever. is exact !) that - the) \\ ill 

suppl y however much po \\,er is needed to ro tate the _joi nt to the specified ang le. Because 

of thi s. displace ment-dri ven joints are --locked .. at the angle determ ined by their dri ving 

fu nctio n. and are not free to respond to fo rces int rod uced by. fo r example. the motion of 

the other leg. 

Thi s is not entire!) unrea list ic. hO\\ ever. as in the hig h! ) geared motors often used in th e 

construct ion or I v-\\ alkers (such as modi li ed hobb) servos. as outl ined in section 2.3 

(Actuators)) . large amounts of po\\ er are required to dri ve the gear tra in fro m the output 

bac k to the motor. anywa). The resultant e ffect of th is is that. if a rea l-\\ Orl d robot" s 

jo ints are tw isted into a certa in pose. it is li kel y to stay that way - even with no power 

bein g suppli ed to the motors supporting the jo ints in question. 

The two dec iding fac tors in the choice of the dri ver type were thu the mathemati ca l 

overhead. and the --rea li sm .. of the simulati on·s treatment of the dri vers relati ve to motors 

in the real world . Di splacement dri vers signifi cantl y dec reased the mathemati ca l 

overhead of the simulations, as it was not necessary fo r the author to manuall y cal culate 

the necessary parameters to produce a des ired step fro m the leg, so thi s was a major point 

in their favour. 

However, it was decided that the ··reali sm" of di splacement dri vers as analogou to 

highl y geared motors took precedence over the ··rea li sm·· of fo rce-dri vers as representing 
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the ·'commands'' sent to the motors from the driver circuits. The primary reason for this 

was that the scope of these simulations was to consider the geometry and mechanical 

aspects of the design, and not consider the controller and interface circuitry. 

This would allow for the mechanical factors to be considered in isolation, providing a 

platform for future work to explore the necessary factors to be considered in interface and 

Nv-controller design to service the requirements of the mechanical geometry. 

Thus, displacement drivers were chosen, with one caveat - because the movement from 

one joint would no longer affect another driven joint, it would be necessary to do 

exploratory simulations of joint behaviour separately on each joint. with the other joint 

free to rotate. Without this. it would be difficult to isolate the critical factors in any such 

experiments. 

4.6 Summary 

In order to develop results for this thesis in the absence of an operational physical model. 

a JD CAD model of the mechanical context was developed in order to simulate the 

operation of the robot. This was developed in COSMOS/Motion, an add-on for the 

Solidworks CAD package, which allows the development of a complete physical model. 

including friction , gravity. and custom-defined driving functions. Thus it was possible to 

not only statically model the mechanics of the robot. but also to dynamically study a 

simulation of the mechanical context's walking behaviour, and define an "idealised" 

world in which the simulated robot can operate. 

A longstanding theme in many fields of research has been the conflict between simulation 

& experiments implemented in the "real world" . 

Simulations have significant advantages 111 terms of implementation time and cost, 

however perhaps their biggest benefit is 111 the area of simplicity. By undertaking a 

simulation as opposed to performing experiments in the real world, one is a) able to 
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precisely control many factors that could influence the outcome of the study. and b) 

operate in an "idealised" version of the real world. 

The downside to this. however. is that errors are otten introduced into the simulation due 

to these "simplifications of reality" . With respect to thi s project. the largest simplification 

present is the assumption or a perfectly smooth \\alking surface. A \\alking robot in the 

real world will likel y encounter widely varied terrains and surfaces. and thus results 

derived purel y from simulation on a nat surface\-\ ill not necessaril y be entirely applicable 

to such si tuations. 

In thi s context ho\,eve r. useful results can be obtained and conclusions drm, n. provided 

they are qualified as requiring real ,,orld va lidation. To thi s end. this project planned to 

undertake several rounds or simulation. each designed to determine some aspect o r the 

robot's behaviour. The si mulation run s are summarised in Table 7 lollmving: 

! Sim Run ' Question ID : Sum mat') 

Alpha 

Beta 

Gamma 

Delta 

psilon 

To determine the effect or h-l eg ,, idth (re lati\'e to v-leg \\ idth) on 
1 

I I 
1 robot behaviour and to investi oate the presence or all\ identifiable I I :::- . 

I features lor developing operating parameter: for robotic \\alking. 
I 

2.3 i To determine the "optimalit y" of parameters developed from Alpha 

I 

i trial s. b) applyi ng them to a \\ alkin g robot simulati on. 

14 I To determin the influence or the h-leg·s height over the robot's 
I 

I walking behaviour. and compare its influence to that of h-leg width a 

I tested in the Alpha run. 

1s To explore whether robot walking behaviour is primarily innuenced 

I by absolute or relative leg dimensions 

6 To determine the influence of both static and dynamic friction 

coefficients on the simulated robot ·s walking behaviour. 

Note that each of Gamma. Delta and Epsilon runs will require the 

conductunce of a Bew-type simulation rnn subsequent to their completion. in 

order to evaluate the walking behaviours produced by their developed 
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I parameters. 

Table 7: Summary of Simulation Runs 

While this project is heavily dependant on simulation-derived results. the author is aware 

of the implications and limitations of these simulations for the derivation of research 

results useful in the '·real world". For this reason , it is strongl y advocated in section 6.2 

(Recommendations) of this thesis that a real world study be undertaken that mirrors the 

simulations undertaken herein . This will provide a point of reference for the simulated 

data. and help point out particular areas in which the simulated results are inadequate. 
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5 Results 

5. 1 Introduction 

After each simulation execution was carried out. pertinent data was exported from 

COSMOS/Motion into Microsoft Excel. a spreadsheeting program. in the form of both 

graphs and the accompanying rav. data . This section will detail the most relevant data for 

each or the simulation runs. high lighting any unusual aspects of particu lar executions. 

belore proceeding to explore and di scuss the implications and conclusion s that are 

attendant to these results. 

5.2 Alpha Run 

5.2.1 Variations 

The onl y major surprise in the execu tion or the Alpha run simulation \\as that the critical 

point phenomena. observed as the ··elbm\·· on the angle plots. \\as not present in 

simulati on runs with W1,>200 111111. or W1,< I00 111111. Insights from completion of the 

Delta run si mulati ons will suggest whether this is directly related to the wid th of the 

vertical leg (W, . which here i equal to 100 111111). however additional simulations 

undertaken outside thi s I 00 111111 to 200 111111 range either experienced colli s ions between 

leg components. or rapid ly progressed into a ··runaway"· co llapse of the geometry. In the 

results below. thi s is exhibited as Geometry Alpha-I . 

5.2.2 Results 

The graph trace labeled "Revolute" refers to the rotation of the vertical-stepping 

leg joint; "Revolute2" refers to the horizontal-stepping leg joint. 
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5.2.2.1 Geometry Alpha-I: Wh 90mm 
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Figure 33: A ngle Relatio nship, A lpha Run , Geometry Alpha-I , Wh =90 mm 

5.2.2.2 Geometry Alpha-2: Wh = 100 mm 
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Figure 34: Angle Relationship, Alpha Run , Geometry Alpha-2 , Wh = 100 mm 
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5.2.2.3 Geometry Alpha-3: Wh 110 mm 
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Figure J:i: Angle Relationship. Alpha Run . Geo metr~· Alpha-J. \\'h= l 10 111111 

5.2.2.4 Geometry Alpha-4: Wh 120 mm 
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Figure 36: Angle Relationship, Alpha Run , Geometry Alph a-4, Wh= l 20 111111 
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5.2.2.5 Geometry Alpha-5: Wh = 130 mm 
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Figure 37: Angle Relati o nship, A lpha Run , Geometry Alpha-5, Wh= t30 mm 

5.2.2.6 Geometry Alpha-6: Wh = 140 mm 
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Figure 38: Angle Relationship, Alpha Run , Geometry Alpha-6, Wh= t40 mm 



5: Res ults 

5.2.2. 7 Geometry Alpha-7: Wh 150 mm 
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Fig ure 39 : A ng le Relatio nship. Alpha Ru n, Geom etr~· Alp ha- 7. \\'h= l 50 111111 

5.2.2.8 Geometry A lpha-8 : Wh = 160 mm 
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5.2.2.9 Geometry Alpha-9: Wh 170 mm 
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Figure 41 : A ngle Relati o nship, A lpha Run , Geometry Alpha-9, W h= l 70 mm 

5.2.2.10 Geometry Alpha-IO: Wh = 180 mm 
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Figure 42: Ang le Relati o nship, Alpha Run , G eometry Alpha-lO, Wh = 180 mm 
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5.2.2.11 Geometry Alpha-I]: Wh = 190 mm 

Angles 
CS=Assem1 , RF=Assem1 

:::::: f .................. . 

-2 OOOOE+01 1 _ 
-3 0000E+01 j 

sec 

----+- Revolute2 (deg) 

• Revolute (deg) 

Figure -B: .-\ngle Relationship, .-\lpha Run, Geometr~· .-\lpha-1 L \\'h= l90 mm 

5.2.2.12 Geometry Alpha-12: Wh = 200 mm 
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Figure 44: Angle Relationship, Alpha Run, Geometry Alpha-12, Wh=200 mm 
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5.3 Beta Run 

5.3.1 Variations 

5.3.1.1 Simulation Density 

Originally. it was intended that a beta simulation would be run for each of the geometries 

tested in the alpha run simulations. However. after testing the first few geometries. this 

was deemed impractical, for several reasons. 

Significantly, the time required to simulate the required 20 second time period varied 

anywhere between IO minutes to several hours. although longer simulation times tended 

to be associated with runs that had encountered a glitch or developed a simulational 

singularity. However, it was deemed inadvisable to prematurely terminate such 

·'overtime" simulations. as some such simulations did eventually resolve; also. the 

COSMOS/Motion engine seemed to exhibit distinct differences across repeated 

executions of exactly the same simulation tile . In some cases, this appeared to run in a 

period-4 cycle, wherein every fourth execution (relative to any execution in the sequence) 

appeared to be identical (including any glitches). 

This time requirement was compounded by the inability for the process of running a 

simulation to be automated in any manner. Several avenues were explored, included the 

scripti ng of a Windows-based batch ti le to operate COSMOS from the command li ne, 

writing a program in a dedicated scripting language to interface with the Solidworks and 

COSMOS/Motion APls, and using Solidworks' own built-in automation and task­

scheduling functionality. However, it did not appear that COMOS/Motion was accessible 

via a command line batch file, and documentation on programmed scripting for the 

various AP ls was hard to come by and sketchy at best. While Solidworks' own macro 

and task scheduling functionality would have been sufficient for the job, Solidworks' 
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macro recording engine seemed unable to record in teractions with the COSMOS/Motion 

add-in. rendering thi s option untenabl e also. 

These factors contri buted to the decision to prioriti se the running of the beta sim ul ati on. 

ensuring that the resu lts were no less va luab le in the event of significant time-overruns of 

the si mulat ion s. To effect thi s. simulations were chosen at each end of the range of 

alpha-run tested geometries. and also spread throughout the range between these end­

points. 

In order to gain an even more accu rate picture or the influence the studied design factor 

have on the robot's walking behaviour. it ,viii be leli to a future stud :,, to repeat the 

variou s simulations. using a far higher --resolut ion .. - that is. each simu lati on should be 

tested using a far greater range and density of values for each or the relevant controlled 

variables. 

5.3.1.2 Simulation Input Generation 

spreadsheet ,,_as developed to calculate the ncccssar) driving functions and si mulation 

points for each geometr). using the data output b) the appropriate alpha run si mulation. 

To operate the spreadsheet. the alpha run data for the '"revolute:2"" joint is examined by a 

serie of conditional formatting rules that examine the de ltas between subsequent data 

points. These highlight negative deltas in red. and positive deltas in green. allowing the 

··e lbow point'· to be clear ly identified from the raw simu lation data. For consistency. the 

A sa mple is taken as the point on the left hand side of the e lbow. wi th the additional 

benefits that thi s ensures the ga it is very close to the edge of the sub-critical zone, whil e 

guaranteeing the samp le is not on the super-critical side of the boundary. 

Thi s "A sample" is then input into the appropriate po11ion of the spreadsheet. which then 

provides target val ues at 90%. 95%. 105% and 11 0% of the initial values. The raw data 
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is then referred to again , to ensure accuracy, by selecting the actual data points closest to 

the generated target values. Once again , the limit from t- is taken. 

These values are then copied across into the appropriate areas, whereupon they are used 

to generate the expressions representing the necessary COSMOS/Motion driving 

functions for each simulation execution , which can then be copied as necessary into the 

simulator package. 
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5.3.2 Results 

5.3.2.1 Geometry Beta-I : Wh = 100 mm 

5.3.2.1 .1 Driving Functions 

v-leg angle 
11me to 1urn 

11me gap 

A 
5 238774 

05 

4 976836 

B 
4 960349 

2 
0 5 

4 714897 

C 

4 6875 

0 5 

5 500713 5 762652 

D E I 
5 522591 5 73888 

2 2 
05 0 5 

Equa11ons STEP(TIME O OD 2 00 5 24D)•STEP(TIME 5 00 OD 7 00 -10 48D)•STEP(TIME 10 00 OD 12 00 10 48D)•STEP (TIME 15 00 OD 17 00 -10 48D) 

STEP(TIM E O OD 2 00 4 96D)•STEP (TIME 5 00 OD 7 00 .-9 92D)•STEP(TIME 10 00 OD 12 00 9 92D)•STEP(TIME 15 00 OD.17 00 -9 92D) 

STEP(TIME O OD 2 00 4 69D) • STEP(TIME 5 00 OD .7 00-9 38D)•STEP(TIME 10 00 OD 12 00 9 38D)•STEP(TIME 15 00 OD 17 00 -9 38D) 

97 

STEP(TIME O OD 2 00 5 52D)+STEP(TIME 5 00 OD 7 00 -11 OSDJ+STEP(TIME 10 00 OD 12 00 11 OSD)•STEP(TIME 15 00 OD 17 00 -11 OSD) 

STEP(TIME O OD 2 00 5 74D)+STEP(TIME 5 00 OD 7 00 ·11 48D)•STEP(TIME 10 00 OD 12 00 11 48D)•STEP(TIME 15 00 OD 17 00 -11 48D) 

h-leg angle 
time 10 turn 

time gap 

A 

16 1694 

2 
0 5 

B C D 
14 886 13 3344 16 0237 -15 9136 

2 2 2 
05 0 5 05 0 5 

Equa1,ons STEP(TIME 2 50 OD 4 50 -16 17D)•STEP(TIME 7 50 OD 9 50 32 34D)•STEP(TIME 12 50 OD 14 50 -32 34D)•STEP1TIME 17 50 OD 19 50 32 34D) 

STEP(TIME 2 50 OD 4 50 -1 4 89D)•STEP (TIME 7 50 OD 9 50 29 77D)•STEP(TIME 12 50 OD 14 50 -29 77D)•STEP(TIME 17 50 OD 19 50 29 77D) 

STEP(TIME 2 50 OD 4 50 -13 33D)•STEP(TIME 7 SO.OD 9 50 26 67D) • STEP(TIME 12 50 OD 14 50-26 67D)•STEP(TIME 17 50 OD 19 50 26 67D) 

STEP(TIME 2 50 OD 4 50 -16 02DJ•STEP(TIME 7 50 OD 9 50 32 05D1• S TEP(TIME 12 50 OD 14 50 -32 05D)• STEP(TIME 17 50 OD 19 50 32 OSD1 

STEP1TIME 2 50 OD 4 50 ·15 91DJ•STEP<TIME, 50 OD 9 50 31 83D1•STEP1TIME 12 50 OD 14 50 -31 83D)•STEP(TIME 17 50 OD 19 50 31 

Table 8: Driving Functions, Beta Run, C.eometry Beta-I, Wh = 100 mm 

5.3.2. 1.2 

6 OOOOE +01 

4 OOOOE+01 

COM Paths 

COM Path 
CS=Assem1 . RF=Assem1 

2 OOOOE+01 - - - - - - - - - - - - - • - - - - - - - - - - - - - - - - - - - - -

0 OOOOE+OO 

~ -2 OOOOE+01 

-4 OOOOE+01 

-6 OOOOE+01 

-8 OOOOE +01 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

-1 OOOOE+02 

sec 

-+- Chassis S1m1-l CM Pos1t1on(mm) X 

• Chassis S1m1-1 CM Pos1t1on(mm) Y 

Chassis S1m1-1 CM P~s1t1on(mm) Z 

Figure 45: COM Path, Beta Run, Geometry Beta- I, Sample C 
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6.0000E+01 

4.0000E+01 

2.0000E+01 

O.OOOOE+OO 

~ -2.0000E+01 

-4.0000E+01 

-6.0000E+01 

-8.0000E+01 

CM Path 
CS=Assem1 , RF=Assem1 

--------------------------------------1 

---------------- - --------------------- ! 

I 

--------------------------------------1 

-1 .0000E+02 ~----- - - -

sec 

5: Resul ts 

!-+- Chassis Sim1 -1 CM Position(mm) XI 
-- Chassis Sim1 -1 CM Posit1on(mm) Y 

Chassis Sim1 -1 CM Pos1tion(mm) Z 

Figure 46: COM Path , Beta Run , Geometry Beta-I , Sample B 

6.0000E+01 ~---

COM path 
CS=Assem1 , RF=Assem1 

4.0000E+01 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 1 

2.0000E+01 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 1 

O.OOOOE+OO -

~ -2.0000E+01 

~g g g ~g 
CX>t--: ~~ "'lf" ~ 
Q N C"') -.ri, I,() 

~ ~ ~ 
~ OJ ,-... 

a'.) c,; ~ 

-- - ----------------------------------- 1 

-8.0000E+01 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - < 

-1.0000E+02 ~--- --- -

sec 

-+- Chassis Sim1 -1 CM Position(mm) X 

• Chassis Sim1 -1 CM Position(mm) Y 

Chassis Sim1 -1 CM Position(mm) Z 

Figure 47: COM Path , Beta Run, Geometry Beta-I , Sample A 



5: Results 

60000E+01 I 

COM Path 
CS=Assem1 , RF=Assem1 
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4 .0000E +0 1 - - - - - - - - - - - - - -

2.0000E+0 l 

0 0000E+00 

g -2 0000E +0 1 

-4 0000E+0l 

-6 0000E+0l 

-8 0000E+0l 

- 1 0000E+02 

6 0000E+0l 

4 0000E+01 

2 0000E+0l 

0 0000E+00 
0 0 
r-- r--
CX> "': 
0 

E -2.0000E+01 E 

-4 .0000E +0 1 

-6 .0000E +01 

-8 .0000E+01 

-1 .0000E+02 

sec 

0 0 
r-- "' 0 0) 
(D (0 

0 0 0 

"' "' "' ~ ,_ t.O ...... co O') -.-c hassis S1m1-1 CM Posi t1on(mm) X 

--1t Chassis S1m1-1 CM Pos1tion(mm) Y 

Chassis S1m1-1 CM Pos1tion(mm) Z 

Figure -t8 : COM Path , Beta Run , G eo metry Beta - I, Sample D 

0 0 0 0 0 0 0 0 
r-- r-- r-- r-- <D <") <") <") 

"'! "' ... <") N 0 0) 

N ..; ..; .,; <D r-- ai ai 

-------

COM Path 
CS=Assem1. RF=Assem1 

0 0 0 0 0 0 0 0 0 
<") <") N N N N N 0 
CX> r-- "'! "'! ... ~ N ~ 
oi 0 ~ 

..; ;! .,; <D ~ 

sec 

0 0 0 
0 0 0 
~ CX> r--

~ ai oi -+-- Chassis S1m1-1 CM Pos1tion(mm) X 

---1t- Chassis S1m1-1 CM Pos1t1on(mm) Y 

Chassis Sim 1-1 CM Pos111on(mm) Z 

Figure 49: COM Path , Beta Run , Geomett·y Beta-I , Sample E 



Revolute 

Revolute2 

v-leg angle 
time to turn 
time gap 

100 

Geometry Beta-2: Wh = 120 mm 

5.3.2.1.3 Driving Functions 
5 529 5 238 6 111 6 402 

A B C D E I 
5 82 5 .522591 5.238774 6 10566 6 404544 

2 2 2 
05 05 05 0 5 05 

5: Resul ts 

Equations STEP(TIME .0 ,00,2 00,5 820)+ STEP(TIME ,5 00,00 .7 00,-11 64D)+STEP(TIME .10 .00,00 , 12 00 11 64D)+STEP (TIME , 15 00 ,00 .17 00 .-11 640) 

h-leg angle 
tim e to turn 
time gap 

A 
-20 56 

2 
05 

S TEP (TIM E.O,OD.2.00.5 52D)+STEP(TIM E.5 00 ,0D ,7 00,-11 OSD)+ STEP(TIME , 10 00,0D. 12 00, 11 OSD)+ STEP(TIME , 15.00 .0D, 17 00 .-11 OSD) 

STEP(TIME ,O,OD,2 00 5 24D)+ STEP(TIME ,5 00 .0D,7 00,- 10 48D)+ STEP(TIME 10 00 OD, 12 00 .10 48D)+STEP(TIME 15 00.0D.17 00,- 10 48D) 

STE P(TIME ,O.OD,2 00 .6 11 D)+STEP(TIME ,5 00 .0D 7 00,-12 21 D)+STEP(T1ME , 10 00,0D .12 00, 12 21D)+S TE P(TIME , 15 00.0D. 17 00 .-12.21 D) 

STEP(TIME .O,OD.2 00.6 40O}+ STEP(TIME ,5 00 .0D ,7 00 -12 810) +- STEP(TlME , 10 00.00. 12 00 , 12 81 D)+ STEP(TlME , 15 00 ,00, 17 00 ,- 12 81 D) 

B C D E I 
-19.22 -17 657 -20 4012 -20 2679 

2 2 2 2 
0 5 0 5 0 5 0 5 

Eouat,ons STEP(TIME .2 50.0D.4 50 ,-20 56D)+STEP(TIME .7 SO.OD 9 50.41 12D)+STEP(TIME ,12 SO.OD 14 50 -4 1 12D)• STEP(TIME 17 50,0D 19 50 ,41 120) 

S TEP (TIME .2 50 ,0D,4 50,-19 22D)+ STEP(TIME .7 50,0D 9 50.38 44D)+STEP(TIME 12 50 OD 14 50.-38 44D)+STEP (TIME .17 50 .0D .19 50.38 44D) 

STEP(TIM E.2 50,0D.4 50,- 17 66D)+STEP(TIME .7 50,0D,9 .50 ,35 31D)+STEP(TIME 12 50 .0D,14 50 .-35 31D)+ STEP(TIME ,17 50,0D.19 50.35 31D) 

STEP (TIME 2 50,0D 4 50,-20 40D)+STEP(TIME .7 50,0D ,9 50.40 80D)• STEP(TIME .12 SO .OD 14 50 .-40 80D)+ STEP(TIME ,17 50,0D 19 50,40 80D) 

STEP (TIME .2 50.0D,4 50 ,-20 27D)+ STEP(TIME 7 SO.OD 9 5040 54D)•STEP(l1ME ,12 50 .0D,14 50,-40 54D)•STEP(T1ME 17 50,0D.19 50.40 54D) 

Table 9 : Drivin g Functions, Beta Run , Geometry Beta-2, Wh 120 mm 

5.3.2.1.4 COM Paths 

E 
E 

6.0000E+01 

4 .0000E+01 

2.0000E+01 

0.0000E+00 

-2.0000E+01 

-4 .0000E+0l 

-6.0000E+0l 

-8.0000E+01 

COM Path 
CS=Assem1 , RF=Assem1 

- --------- - - --- --- ----- -- - - - - -- - --- - --, 

a a o o o o o o o o o o a o o o a a o o o o 
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ M q m ~ ~ g 
a N M ~ ~ m ~ ~ ~ m ~ _ ~ ~ ~ ~ ~ ~ ~ ~ ~ 
----- - - - - -- - --- - ------- - -------------- ~ 

-1.0000E+02 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - , 

-1.2000E+02 ~------------­

sec 

-+- Chassis Siml-1 CM Position(mm) X 

I -ii-- Chassis Sim l -1 CM Position(mm) Y 

Chassis Siml -1 CM Position(mm) Z 
1 

Fig ure 50: CO M Path , Beta Run , Geometry Beta-2, Sample C 



5: Results IOI 

E 
E 

E 
E 

6.0000E+01 

COM Path 
CS=Assem1 , RF=Assem1 

4 OOOOE+01 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

2 OOOOE+Ol - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

0 OOOOE+OO 

-2 OOOOE+01 

-4 OOOOE+01 

-6 OOOOE+Ol 

-8 OOOOE+01 

-1 OOOOE+02 

-1 2000E+02 

6 OOOOE+Ol 

4 OOOOE+Ol 

2 OOOOE+Ol 

0 OOOOE+OO 

-2.0000E+Ol 

-4.0000E+Ol 

-6 .0000E+Ol 

-8.0000E+01 

-1.0000E+02 

-1.2000E +02 

0 0 
0 -
~ ~ 
0 -

0 0 0 0 0 0 0 0 0 0 0 
..o o w ,-... ~ ..o m w ,-... w ~ 

~ ~ ~ q ~ ~ ~ ~ ~ ~ ~ 
~ W ,-... 00 00 0) 0 ~ N M V 

sec 

0 0 

"' "' N 
U') 1.0 

0 0 0 0 
V '-0 M V 
0 0) CX) ,...__ 

,...: ,-..: cri O') 

-+- Chassis S1m1 -1 CM Pos1t1on(mm) X 

Chassis Sim1 -1 CM Pos1t1on(mm) Y 

Chassis Sunl - 1 CM Pos1t1on(mm) Z 

Figure 51: COM Path , Beta Run, Geometry Beta -2 . Sa mple B 

COM Path 
CS=Assem1 , RF=Assem1 

o o o a o o o a o o o o o o o o o a o o a o 
CX) 0) 0 ~ N M V V "° M V "° ~ N ~ ,-... CX) W M V N M 
CX) ,-... ,-... W '-0 V M N ~ 0 0) CX) ,-... W '-0 M N ~ 0 0) CX) ,-... o ~ N ~ ~ ~ m ,...: oo a, m o ~ N ~ ~ ~ ~ ,...: ,...: cri a, 

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ -----------------------------------

sec 

-+- Chassis S1m1 -1 CM Position(mm) X 

• Chassis Sim1-1 CM Posit1on(mm) Y 

Chassis S1m1-1 CM Pos1t1on(mm) Z 

Figure 52: COM Path, Beta Run , Geometry Beta-2, Sample A 
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E 
E 

E 
E 

6.0000E+01 

4 .0000E+01 

2.0000E+01 

0.0000E+00 

-2.0000E+01 

-4 .0000E+01 

-6.0000E+01 

-8.0000E+01 

-1.0000E +02 

COM Path 
CS=Assem1 , RF=Assem1 

-------------------------------------- 1 

- 1.2000E+02 ~ --------

sec 

5: Res ults 

--+- Chassis Sim1 -1 CM Pos1t1on(mm) X 

--- Chassis Sim1 -1 CM Position(mm) Y 

~ ss1s Sim1 -1 CM Position(mm) Z 

Figure 53 : COM Path , Beta Run , Geometry Beta-2, Sa mple D 

Plot 1 
CS=Assem1 , RF=Assem1 

6.0000E+01 ~----

4.0000E+01 ----------------------- 1 

2.0000E+0 1 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - J 

O.OOOOE+OO 1111--------------------------
-2 .0000E+01 

-4 .0000E+01 

-6 .0000E+01 

-8 .0000E+01 

-1 .0000E +02 

o a o a o a a a o a o o a o o a o a o a o o 
~ ~ ~ oo m a o m o oo m a a - oo oo m oo m a oo m oo ~ ~ ~ v v M - - m oo oo ~ ~ ~ N - a m m ~ ~ o ~ N M ~ ~ w ~ m m m o ~ N ~ ~ ~ ~ ~ ~ ro m - - - - - - - - - - --------------------------------------- ~ 

______ _J 
sec 

--+- Chassis Sim1 -1 CM Positio~ 

e-- Chass1s Sim1 -1 CM Posit1on(mm) Y 

Chassis Sim1 -1 CM Position(mm) z 

Figure 54: CO M Path , Beta Run , Geometry Beta-2 , Sa mple E 



Re\Olute 

Re....olute2 

1.1-leg angle 
time 10 1urn 

time gap 

5: Results 

5.3.2.2 Geometry Beta-3: Wh = 150 mm 

5.3.2.2.1 Driving Functions 
8 185892 7 755055 9 04 7565 9 478401 

A B C D E I 
8 616728 8 207785 7 7244 98 9 030927 9 450023 

2 2 2 
0 5 0 5 05 0 5 0 5 
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Equations STEP (TIME O 00 2 00 8 620J+STEP(TIME 5 00 00 7 00 -17 23D)+STEPcTlME 10 00 OD 12 00 17 23D) • STEP(TIME 15 00 OD 17 00 17 23D ) 

h-leg angle 

1Ime 10 1urn 
tune gap 

STEP(TIME O OD 2 00 8 21D)•STEP(TIME 5 00 OD 7 00 -16 420)+STEP (TIME 10 00 00 12 00 16 42D)+STEP(TlME 15 00 OD 17 00-16 42D) 

A B 
-28 3396 -26 3219 

0 5 0 5 

STEP(TIME O OD 2 00 7 72D)+STEP(TIME 5 00 OD 7 00 .- 15 45D)+STEP(TIME 10 00 00 12 00 15 45D)+STEP(TIME 15 00 00 17 00 -15 450) 

C 

-23 5484 
2 

0 5 

STEP(TIM E O 00 2 00 9 03D)+STEP(TIME 5 00 OD 7 00 -18 06D)•STEP(TIME 10 00 OD 12 00 18 06D)+STEP(TIME 15 00 OD 17 00 -18 06D) 

STEP(TIME O OD 2 00 .9 45D)+STEP(TIME 5 00,0D,7 00 -18 90D)+ STEP(TIME 10 00 OD 12 00 18 90D)+STEP(TIME 15 00 OD 17 00 -18 90D) 

D 
-28 2071 

2 
0 5 

-28 042 
2 

0 5 

Equations STEP(TIME 2 SO 00 4 SO -28 340)•STEP (TIME 7 SO OD 9 SO 56 68D)+STEP {TIME 12 SO 00 14 50 -56 680J•STEP (TIME 17 50 OD 19 SO 56 680) 

STEP (TIME 2 50 OD 4 50 -26 320J+STEP (TtME 7 50 00 9 50 52 640 J•STEP 1TIME 12 50 OD 1.: 50 -52 640 ) -STEPtTIME 17 50 00 19 50 52 640) 

STEP (TIME 2 50 00 4 50 -23 55D) ... STEP (TIME 7 50 OD 9 50 47 IOO}+STEP (TIME 12 50 00 14 SO -4 7 l OO J+SiEP(TIME 17 50 00 19 50 47 100) 

STEP(TIME 2 50 OD 4 50 -28 21D J•STEP (TIME 7 50 00 9 50 56 41D)+STEP(TIME 12 50 OD 14 SO -56 41D )•STEP (TIME 17 50 OD 19 50 56 4 10) 

STEP(TIME 2 50 00 4 50-28 04D)•STEP (TIME 7 50 00 9 50 56 08D)•STEP(TlME 12 50 OD 14 50 -56 080\+STEP(TIME 17 50 OD 19 50 56 0801 

Table 10: Drivin i? Functions. Beta Run, Geo metr·~, Beta-3, Wh = 150 111111 

5.3.2.2.2 COM Paths 

E 
E 

0 0000E+00 
0 0 8 0 ..,. N CX) 

% "' M °< 
N c-; M 

-5 0000E+01 

-1.0000E+02 

-1 5000E+02 .,__ _____ _ 

0 

"' ~ ..,. 

COM Displacement 
CS=Assem1 , RF=Assem1 

~ ~ 8 ~ ~ 
~ C"') a) to: 

a, 0 0 

sec 

~ ~ ~ ~ ~ 
'<;f' a:> f.O '<;f' 

N ("') M ~ It) 

0 0 
N a, 

CX) 

(0 (0 

Figure 55: COM Path , Beta Run , Geometry Beta-3 , Sample C 

-+-Chassis S1m 1-1 (mm) 

• Chassis Sim l -1 (mm) 

Chassis Sim 1-1 (mm) 
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E 
E 

E 
E 

5.0000E+01 

O.OOOOE+OO 

-5.0000E+01 

-1.0000E+02 

COM Path 
CS=Assem1 , RF=Assem1 

----------------- - ---- - ------------- - --------

0 0 0 0 0 0 0 S? 0 0 0 0 0 0 0 0 "' 0 0 0 0 0 0 0 0 0 
<D ;:i; N 0 a) <D ..,. 

"' .... "' 0 a) "' N 0 0 "' "' "' 0 <D ..,. N 0 .... .... "' <X! ~ "': N ~ ": "' ~ ~ <X! ~ "': ~ "' "l ~ ~ "': N ~ .... 
ci "' ..; 

"' 
..,. 

"' <D <D .... a) "' S? S? ~ ~ ~ ;!: ,,; 
~ ~ ~ ai ~ oi 

- 1.SOOOE+02 -~---------

5.0000E+01 

O.OOOOE+OO · 

-5.0000E+01 

-1.0000E +02 

-1.SOOOE+02 

sec 

Fig ure 56: COM Path, Beta Run , Geometry Beta-3, Sa mple B 

COM Displacement 
CS=Assem1 , RF=Assem1 

------------ --

0 0 0 0 0 0 0 0 ~ 0 0 0 0 0 0 0 g 0 
<D ..,. 0 "' .... "' "' ~ N "' ~ "' <D ..,. N <D 
t,. "' "' N 0 a) ~ <X! "' "' ": "' N 
ci a:i oi ci ci N ..; "' ;!: ,,; <D <D ~ ai oi 

sec 

Figure 57: COM Path , Beta Run , Geometry Beta-3, Sa mple A 

5: Results 

--+- Chassis Sim l -1 CM [ 
Posit1on(mm) X 

--- c hassis Siml -1 CM 
Position(mm) Y 

Chassis Sim1 -1 CM 
Position(mm) Z 

--+- Chassis Sim1-1 (mm) 

._ Chassis Sim1-1 (mm) 

Chassis Sim1-1 (mm) 



5: Results 

E 
E 

E 
E 

COM Displacement 
CS=Assem1 , RF=Assem1 

5 OOOOE+01 r -------------

0 OOOOE+OO 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ~ M oi 

a, r-- "' M 0 00 "' 
.., a, r-- "' 0 00 M M 00 "' M a, r-- "' N r "' Cl «! ~ .., 

~ ~ r-- "' N Cl 00 ~ <? 00 "' <? 00 ~ 
.., a, 

N "' r-- 00 a, 0 0 N ..-; M ~ ~ a:i a:i r-- 00 .,; 
~ 

-5 OOOOE+O I - - - ----------- -

- I ODO OE •02 - - - - - - - - - - - - - - -

- 1 5000E+02 

sec 

Fig ure 58: COM Path, Beta Run , Geo metry Bcra-3 , Samp le 0 

COM Path 
CS=Assem1 , RF=Assem1 

5 OOOOE+01 .. l.-----lilii•iliiilliiiimii.iii:u..i-ilillili:sry~lii,j-·Lid--jjliiliiilli-llil,q .. ,.-111-. -... _._. •• - ..... 

I • 
I 

D OOOOE+OO 
0 0 0 0 0 0 0 0 0 0 0 a 0 a 0 0 0 0 0 0 0 0 0 0 0 a 
M r-- "' a, M r-- oi "' a, M r-- r-- ;;; 0 .., 00 00 a, "' 00 N "' 0 .., 
r-- "': ~ ~ ~ "': "' <? CX) "' 0 r-- .., CX) "' M 0 00 "' M 0 
0 N N M .., .,; "' a:i r-- a:i a:i .,; 0 N ..-; ..-; .., .,; a:i a:i r-- 00 ~ 

-5 OOOOE+01 --------

-1 OOOOE+02 

- 1.5000E+02 

sec 

Figure 59: COM Path , Beta Run , Geometry Beta-3, Sa mple E 
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-+- Chassis S1rn1 -1 (rn rn ) 

Chassis Siml -1 (mm ) 

ChasSts S1m 1- 1 (mm) 

-+- Chassis Sim1 -1 CM 
Pos1t1on(mm) X 

• Chassis S1m1 -1 CM 
Pos1tion(mm) Y 

Chassis S1m1 -1 CM 
Posit ion(mm) Z 



Re\Qlute 

Re\o01ute2 

106 5: Results 

5.3.2.3 Geometry Beta-4: Wh = 170 mm 

5.3.2.3.1 Driving Functions 
8421408 7 978176 9 307872 9 751104 

A B C D E 

v-leg angle 8 .86464 8 .4525 7 965092 9 .28182 9 .788582 
time to tum 2 2 2 2 
time gap 0 5 0 5 05 0 5 0 5 

Equations STEP (TIME ,0 ,0D .2 00 .8 86D) -+STEP (TIME .5 00 .0D ,7 00 ,- 17 73D)+STEP (TIME , 10.00,00 .12 00 , 17 730)+STEP(TIME . 15 00 ,00 , 17 00 .-17 730) 

h-leg ang le 
time 10 turn 
time gap 

STEP(TIME .0 ,00 ,2 00 ,8 450)+ STEP (TIME ,5 00,00,7 00 ,-16 91D)+STEP (TIME , 10 00,0D , 12 00 , 16 91D )+STEP(TIME , 15.00 ,00 , 17 00 ,-16 910) 

A B 
-30.4607 -28.5309 

2 2 
0 5 0 5 

STEP(TIME .0 ,00 ,2 00 ,7 970)+$ TEP(TIME .5 00 .00 ,7 00 -15 93D)+STEP (TIME , 10 OD .OD , 12 00. 15 93D)+STEP(TIME , 15 OD.OD , 17 00 ,-15 930 ) 

STEP(TIME ,0 ,00 ,2 00 ,9 28D)+STE P(TIME .5 00 ,00 ,7 00 -18 56D)+STEP (TIME .10 OD.OD , 12 00 I 8 56D)+STEP (TIME , 15 00 ,00 , 17 00,-18 560) 

S TE P(TIME ,0 ,00 ,2 00 ,9 79D)+STEP(TIME ,5 00 ,00 ,7 00 ,-19 58D)+STEP(TIME .10 00 ,00 ,12 00 ,19 58D)+STEP (TIME ,15 00 ,0D ,17 00, 19 580) 

C D 
-25 777 -30 3567 

2 2 
0 5 0 5 

-30 173 
2 

0 5 

Equations STEP(TIME .2 50.0D .4 50.-30 46D)-+STEP (TIME ,7 50 OD .9 50 .60 920 )+S TEP(TIME 12 50.0D .14 50 .·60 92D)+STEP (TIME .17 50.00 ,19 50 ,60 92D) 

STEP (TIME ,2 50 .00 ,4 50 ,-28 53D)+STEP (TIME ,7 SO .OD 9 50 .57 06D )-+STEP(TIME . 12 50,00 14 50 .-57 060)-+STEP (TIME 17 50 ,0D ,19 50 ,57 06D) 

STEP(TIME .2 50 .00 ,4 50 .-25 78D)+STEP (TIME ,7 50,0D .9 50 ,5 1 55D)+STEP(TIME 12 50 ,0D .14 50 .-5 1 55D)+STEP (TIME .17 50 .00,19 50 .51 550) 

STEP (TIM E ,2 50 ,0D ,4 50 ,-30 36D)+STEP (TIME ,7 50 ,0D ,9 50 ,60 71D)+STEP(TIM E , 12 50 ,0D , 14 50 ,-60 71D)+STEP(TIME , 17 50 .0D , 19.50 .60 .71 D) 

STEP (TIME .2 50 .00 ,4 50 .-30 l7D)+STEP (TIME 7 50 OD.9 50 60 35D)+S TEP(TIME 12 50 .00 ,14 50 .-60 35D)+STEP(TIME ,17 50.00 19 50 60 35 

Table 11: Driving Functions, Beta Run , Geometry Beta-4, Wh = 170 mm 

5.3.2.3.2 COM Paths 

E 
E 

1.0000E+02 ~--------
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C> 0 0 co N "' "' 
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- ' 

0 0 0 

"' "' N 
~ ~ ,-. 

::: ~ c,; 
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-2.0000E+02 -'---------

sec 

-+- Chassis S1m 1-1 CM Posit1on(mm) X 

• Chassis Sim1-1 CM Position(mm) Y 

Chassis Sim 1-1 CM Position(mm) Z 

Figure 60: COM Path , Beta Run , Geometry Beta-4, Sample C 
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COM Path 
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-+- Chass,s Sim1-1 CM Pos 111011(mm) X 

Chassis S1m1 - 1 CM Pos1lion(mm) Y 

Chassis S1ml - l CM Pos1t1on(mm) Z 

Figure 6 1: C O M Pa th , Beta Run. Geometry Beta-4, Sa mpl e B 

COM Path 
CS=Assem1 . RF=Assem1 

-+- Chassis Sim1- 1 CM Pos1tion(mm) X 

• Chassis Sim1 -1 CM Position(mm) Y 

Chassis Sim 1- 1 CM Position(mm) Z 

-1.5000E+02 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

-2 .OOOOE +02 

sec 

Fi gure 62: CO M Path , Beta Run , Geo mett)' Beta-4, Sa mple A 
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Figure 63: COM Path , Beta Run , Geometry Beta-4, Sample D 
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Figure 64: COM Path , Beta Run , Geometry Beta-4, Sample E 
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5.3.2.4 Geometry Beta-5: Wh = 200 mm 

5.3.2.4.1 Driving Functions 
7 566837 7 168583 8 363346 a 1s1so1 

A B C D E 
7 965092 7 565307 7 17171 4 8 370708 8 781797 

2 2 2 2 
0 5 0 5 0 5 O 5 0 5 
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EquaI1ons STEP(TIME O OD 2 00 7 970) +STEP(TIME 5 00 OD 7 00 - 15 93D)+STEP(TIME 10 00 OD 12 00 IS 93DJ•STEPITIME 15 00 OD 17 00 -15 930 1 

STE PfTlME O 00 2 00 7 57 D)+ STEP (TIME 5 DO 00 7 00 -15 130) -+- STE P(TIM E 10 00 OD 12 00 15 130)+STEP(TIME 15 00 OD 17 00-15 130) 

S TEP(TlME O OD 2 00.7 170)+STEP(TIM E 5 00 OD 7 00 -1 4 340)+STEP(TIME 10 00 OD 12 00 14 340)+ STEP(TIM E 15 00 OD 17 00 -14 340) 

STEP(TIME O 00 2 00 8 370)+$ TE P(TIME 5 00 00 7 00 -16 74D)+STEP(TIME 10 00 OD 12 00 16 740)+STEP(TIM E 15 00 OD 17 00-16 74D) 

STEP(T!M E O OD 2 00 8 78D)+S TE P(TIM E 5 00 OD 7 00 - 1 7 56D) +STE P(TIM E 10 00 OD 12 00 17 56 D)+STE P(TIME 15 00 OD 17 00 -1 7 560) 

Re-.0Iu Ie2 A B C D E 

h-leg angle - 16 5721 -16 344 -15 3317 -16 4264 - 16 1864 
ume 10 turn 2 2 2 2 2 
tune gap O 5 0 5 0 5 0 5 0 5 

Equations STEP (TIME 2 SO 00 4 50 - 16 57D)+STEP(TIM E 7 50 OD 9 SO 33 14D)• STEP(TIME 12 50 OD 14 SO -33 14D) • STEP(TIME 17 50 OD 19 SO 33 140; 

STEP(TIME 2 50 OD 4 50 - 16 34D)• STEP cTIME 7 50 OD 9 50 32 69D)•STEPtTIME 12 so OD 14 50 -32 69D1 .. sTEPtTlME 17 50 OD 19 50 32 690) 

STEP(TIME 2 50 OD 4 50 -15 33DJ--STEP(TIME 7 50 OD 9 SO 30 66D)•STEP(TIME 12 SO OD 14 50 30 66D; .. STEP (TIME 17 50 OD 19 50 30 66D 

STEP(TIME 2 SO OD 4 50 -16 430J+STEP(TIME 7 50 OD 9 50 32 850)• STEP(TIME 12 50 00 14 50 -32 85DJ• STEP!TIME 17 50 OD 19 50 32 85D) 

STEP cTIME 2 50 00 4 50 16 19D)• STEP(TIME 7 50 OD 9 50 32 37D)+STEP (TIME 12 50 OD 14 50 -32 37D)+STEP(TIME 17 50 00 19 SO 32 370) 

T llbl e 12: Drivin g Functi ons, Betll Run , Geo metr~' Betll-5, Wh =200 111111 

5.3.2.4.2 COM Paths 
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Figure 65 : COM Path , Beta Run , Geometry Beta 5, Sa mple C 
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5: Results 
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Figure 66: COM Path , Beta Run , Geometry Beta 5, Sa mple B 
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Figure 67: COM Path , Beta Run, Geometry Beta 5, Sa mple A 
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Figure 68: C Oi\1 Path, Beta Run, Geometr~ Beta 5, Sample D 
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Figure 69: COM Path, Beta Run , Geometry Beta 5, Sample E 
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6 Discussion & Conclusion 

6. 1 Discussion 

6.1.1 Simulation Run Alpha 

This simulation run consisted of rotating the joint between the v-leg and the main chassis, 

with the h-legjoint allowed to rotate freely. The controlled variable was the width of the 

h-leg, and the outputs that were measured were the angles of the joints, the power 

expended by the moving joint. the position of the robot's COM (Centre of Mass), and the 

reaction forces between the robot and the ground . 

In analyzing these results, one of the most obvious features is three distinct zones, 

observed in the joint-angle/time graphs. As the v-leg angle increases, the h-leg angle also 

increases. It appears to behave in three distinct behaviours, categorized in three zones: 

sub-critical , critical , and super-critical. 

When in the sub critical mode, the leg ' s feet do not slip on the ground. and generally as 

the v-leg turns, one of the h-leg' s feet is lifted off the ground. This is the sub-criti cal 

zone. and demonstrates a level of geometric stability - within this zone the robot reposes 

in a stab le tripod stance. 

The one major deviation from this condition is when one of the v-leg' s feet initially lift 

off the ground . At a certain point. the robot's balance is upset as the COM is moved 

across the balance line defined by the two ·' inside .. legs of the tripod stance. When this 

occurs. the robot tips over so that both front feet are resting on the ground; the rest of the 

step contin ues as normal. This ··tipping'· behaviour is covered in more detail in Vertical 

Leg. 

The sub-critical zone is the range in which most of the forward movement of the COM 

occurs. 
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At a certain point. henceforth referred to as the .. critical point"' or ··critical angle ... the 

geometry has shifted such that the si ngle rear foot on the leg now begins to slip. The 

angle of the h-leg remain s relativel y constant as the v-leg angle continues to increase: this 

is the ··critical zone ... Some grad ual motion or the COM still occurs in this region. 

At the .. super-critical angle ... the S)Stem then progresses into the super-critical zone -

robot collapse. At this point. the h-leg loses traction on the ground and collapses. 

draggin g the rest of the robot with it. COSMOS/Motion often didn ·t deal with these 

si tuat ions very ,veil. and thus ei ther the si mul ation ,,as terminated \\ith an ADAMS error. 

or a glitch occurred. potentially thro,, ing the robot energetically off the ground object. 

As an example case to consider. we ,, ill examine the case where the width of the v-leg 

,v, = I 00 mm. and the width or the h-leg ,v1,= 1-lO mm . 

Figure 70: Simulation Run A lpha Robot, Sq uare Sta nce, H-Leg Width = 140 mm 
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The model is driven onl y at the v-legjo in , and the input function is: 

di splacement = step(f(t = Os) = 0 deg, f(t = I Os) = 90 deg) 

When simulated, the fo llowing graphs were produced of the joint angles throughout the 

simulation : 

Joint Angles - H-leg Width = 140mm 
Vertical Leg Dnv1ng 

5.0000E+01 -r---------------------------------, 

3.00D0E+01 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

1.0000E+01 -

0 0 0 
N O <Xl v a:, 
,-.... t--- -CO 

0 0 0 0 (0-.;;J"NO I 
~ - ~ - ~ - ~ -

-3.00DDE+D 1 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

-5.0000E+01 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -1 

-7.0000E+01 ~---------------------------~ 

sec 

Figure 71: Joint angles throughout Alpha Run Simulation, H-leg Width = 130 mm 

-+- Horiz. Leg (deg) 

--Vertical Leg (deg) 

Clearly seen on thi s graph of the joint angles is the zones of behav iour. and in particular. 

the -sharp ·'e lbow'' in the graph which signals the end of the sub-critical region and the 

beginning of foot slippage in the critical region. 

For example, in the case showing in Figure 71. the critical angle (i.e. the v-leg angle at 

which the transition from sub-critical to critical zones behaviours in the h-leg) is 8 

degrees, occurring at around 3.3 seconds. As this point, the exhibited h-l eg joint angle is 

-26 degrees. 
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These values were noted. for each of the s imulations executed. and saved for use in later 

s imulation runs. 

6.1.2 Simulation Run Beta 

For imulation run beta. the goa l was to produce an entire stepping cycle for the 

simulated robot. and determine whether the --critical angles .. measured in the alpha 

simulation resulted in viable \\al king gaits for va ri ous\\ idths of h-leg. This simu lati on 

also attempts to determine whether the measured angles were the --optimum parameters .. 

for wa lking. 

The major difference bet\\een the alpha and beta sim ul ations is that in the beta 

s imulati on. both legs are no\\ ··lixed .. - both h-leg and v-l eg _joints are 110\\ driven b) 

displacement type function s. meaning that the) \\ ill remain locked even when the _jo int is 

not --act ive .. . 

To implement an entire step-cyc le in simulati on. starti ng from --sq uare .. stance. the 

folio\\ ing teps needed to be performed. si mul atin g the pattern or movement 

--com mands .. that \\ Ould be produced by the Nv-net controller. 

Step / : The v-leg joint mu st be rotated counter-clockwise to the relevant critical angle. 

thus rear left foot of the h-leg off the ground . 

Step 2: The h-leg joint must now rotate. a lso counter-cl ockwise. to the approp riate critical 

angle. thus beginning the significant fo rward movement of the centre of mass. 

Step 3: The v-leg now rotates clockwise by twice the critica l angle ; thi s wi ll cause the 

robot to rock forward from one tripodal stance to another. igniticantly hifting the centre 

of mass forward s. 
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Step -I: The h-leg also rotates clockwise by twice the critical angle, and steps 3 and 4 are 

then repeated ad in(finilum, changing direction each iteration. 

The following driver functions were implemented in COSMOS/Motion to follow these 

steps. for v-leg and h-legjoints respectively (example shown for W11 = 150 mm): 

Vertical stepping leg: 

STEP(TIME,0,0D,2.00,8.62O) 

+STEP(TIME,5.00,0D,7.00,-17.23O) 

+STEP(TIME, 10.00,00, 12.00, 17.230) 

+STEP(TIME, 15.00,00, 17.00,-17.230) 

Horizontal stepping leg : 

STEP(TIME,2.50,0D,4.50,-28.34O) 

+STEP(TIME,7.50,0D,9.50,56.68O) 

+STEP(TIME, 12.50,00, 14.50,-56.68D) 

+STEP(TIME, 17.50,00, 19.50,56.680) 

Equation 5: Driving Equations for H-leg Width Wh = 150 mm 

The parameters represented above were determined from the alpha simulation with the 

same h-leg width as the beta simulation to be run. The steps fo llowed to produce beta run 

parameters from alpha run results is outlined below: 

I. On the Angles plot (e.g. Figure 71 ), the elbow point is identified. as shown 111 

Figure 72 : 



6: Discussion & Conclusion 11 7 

Time v-angle h-an gle 

3.4200E+OO 8.1267E+OO -2. 58 ·16 E +O ·1 
3. 4400 E +00 8.2078E+OO -2 .6322 E-+{11 
3.4EiOOE+OO 8.289·1 E+OO -2 .G843E+IJ1 
3.41::IIJOE+OO 8.3707 E+OO -2 .7343E+01 
3.51JOOE+OO B.4525 E+OO -2.7772E+0 ·1 
3. 52CIIJ E +00 E: .5345 +00 -2 :3 n3E+01 
·:, r: · -II] E -+{I I] B.Ei l 67 E+OO -2. :3340 E +IJ ·1 
3.5600E-+{10 El. Ei992 E -+{II] -2.i:::340E+1Jl 6.2897E-05 
3.5B[IIJ E-+{10 Ei .7818E+OO -2.i:BIJE; E+1J1 3.3124E-02 
3.GIJCIOE+OO 8. 864Ei E +00 -2. 8273 E-+{1 1 3.3116E-02 
3.6200E+OO B 94 77 E-+{10 -2.8240E+1J1 3.3102E-02 
.-, ,-.. ~ ,-,., ,-- . .-.,-. .• ,- ,.-, ,-,;; ,-- . "" ., .-..-.,-,...,. ,-- . ,-, ... .__ .-. .-.. ..-..-.,-- n--i 

Fig ure 72 : "E lbow Po in t" Dete rmina tio n 

a. Thi s has been perfo rm ed b)- comparing the di ffe rence bct\\ een consecuti ve 

data points in the h-leg·s jo int angle series. 

b. The --e lbO\\ point .. is ta ken as the last point before the d iffe rence changes 

sign . 

c. Fo r part icular! ) --noisy .. data. some disc reti on may be ncce~~,1t·). 

1 The h-lcg and v-l eg angles at thi s po int are u ed as the maxi mum rotati on (in 

either di rection) or th ei r respecti ve legs. Parameters for the other fo ur si mulations 

at thi s h-leg \\ idth are created by multi plying the v-leg parameter fro m the --e lbO\\ 

point .. b) 0.9. 0.95 . 1.05 and 1.1. as shmrn in Figure 73. 

a. The v-leg para meter is used as th is is the dr iven va ri abl e in the alpha run 

sim ulations: the h-leg angle is the output. 

... fx =$CJ*0.95 

B 
9.Cl475Ei5 

-., 
._, 

v-leg angle 7.724498 9.030927 9.450023 
time to turn 

~, 
L 2 2 

time gap 1] .5 Cl .5 Cl .5 

Figure 73: Es timated V-l eg Parameters for de terminin g "elbow point" optim ality 
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3. The closest data point ''matches" to these projected values is then se lected. The 

projected values are copied from the sheet shown in Figure 73 ; a manual search is 

then made, and the corresponding ·'closest match .. is entered in cells hi ghlighted 

blue in Figure 74: 

s1m run : 
estimated v- leg angle: 

v- le g ang le: 
h-leg angle: 

A B C D E 
8.18589175 7.75505534 9.04756457 9.47840098 

8.6167E+O0 8.2078E+O0 7.7245E+O0 9.0309E+o0 9.4500E+O0 
-2 .8340E+01 -2 .6322E+01 -2.3548E+01 -2 .8207E+01 -2 .8042E+01 

Figure 74: "Closest Match" Selection to Provide Parameters surrounding "Elbow Point" 

4. These maximum angles are then processed by a very long Excel cell eq uation. 

shown in Equation 6, to produce equations (e.g. Equation 5) that can be copy­

pasted into the ·'Joint Angle Driving Equation'" field in COSMOS/Motion . 

= " TEP(TIME , 0 , 0D ," &TEXT(C4 ," 0 . 00 " )& " ," &TEXT( 3 ," 0 . 00 " )& " D) 
+STEP (TIME , " &TEXT (2*C5+2*C4 , " 0 . 00 " ) &", OD ," 

&TEXT (3*C4 ... 2*C5 , " O . 00 " ) &", " &TEXT ( - 2*C3 , " O . 00 " ) &" D) 
+STEP (TIME , " &TEXT ( 4 * C5+4 *C4 , " 0 . 00 " ) & ", 0 D, " 

&TEXTIS*C .,-4*C5 ," 0 . 00 " )& ", " &TEXT(2*C3 , " 0 . 00 " )& " 0) 
+STEP I TIME , " &TEXT ( 6*C5+ 6*C4 , " 0 . 00 " ) & ", 0 D, " 

&TEXT ('*C .,-6*C5 , " 0 . 00 " ) &", " &TEXT ( - 2*C3 , " 0 . 00 " ) &" D) " 

Equation 6: Driving Function Generator Equation (Excel) 

The actual parameters derived from the alpha run simulations are shown in Table 13 

below. Here. and in other similar tables, the trial s have been ordered to represent the 

spread of input data (minimum values to greatest values). rather than the letter of the trial. 

As such , the ordering is centered about trial A, and proceeds in order ··outwards·· from 

there . 

H-leg Width Tri al V-leg Angle H-Leg Angle 

100 mm C 4.6875 degrees -13 .3344 degrees 
B 4.9603 degrees -14.8860 degrees 
A 5.2388 degrees -16. 1694 degrees 
D 5.5226 degrees -16.0237 degrees 

E 5.73 89 degrees -1 5.9 136 degrees 

120 mm C 5.2388 degrees -17.6570 degrees 
B 5.5226 degrees - 19.1200 degrees 
A 5.8200 degrees -20.5600 degrees 
D 6.105 7 degrees -20.40 12 degrees 

E 6.4045 degrees -20.2679 degrees 
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150 mm C 7.7245 degrees -13.548--1 degrees 

B 8.2078 degrees -26.32 19 degrees 
A 8.6167 degrees -28.3396 degree:. 
D 9.0309 degrees -28.2071 degrees 

E 9.--1 500 degrees -28.0--120 degrees 
I 170 mm C 7.9651 degrees -25.7770 degree 
I B 8.4525 degrees -28.5309 degrees 
I 

A 8.8646 degrees -30.--1607 degrees 
D 9.28 18 degrees -30.3567 degrees 

E 9.7886 degrees -30 .1 730 degrees 

200 111111 C 7.1 717 degrees -15 .33 17 degrees 
B 7.5653 degrees -16.3--1--10 degrees 
A 7.9651 degrees -16.5721 degrees 
D 8.3707 degrees -16.--126--1 degrees 

E 8.78 I 8 degrees -16 .186--1 degree:, 

Table 13: Beta Run Pa rameters Derived fro m Alpha Run Sim ul atio ns 

The most visible metri c derived from the beta run simulations is that or ··COM 

Di sp lacement"· - the to tal effective distance the simulated mechanical context traveled 

under the power 0 1· the derived driving functions. The collated result s from each or th e 

simulated trial s are shown in Tab le 1-L \\ ith the addition or a green highlight to sho\\ the 

··winning·· trial for each or the geometries. 

COl\1 Displace111ent 

H-leg Width Trial X r\xi 5 L Axi s Total 

100 mm C -2.4686 mm -37.092--1 111111 37 .174--1 m 111 
B 20.0000 111111 ---10.9518 111111 45 .5747 111111 
A 3 1.9944 111111 33 .6150 111111 46.4070 111111 
D -2 .9509 111111 ---1--1.145--1 111111 44.2439 mm 

E -5.03 I 7 111111 -42.3326 111lll 42.6306 111m 

120 111m C -8 .2 116 mm -64. 1336 111111 64.6572 111111 
B -7.4 146 111111 -65.2653 111111 65.6851 111111 
A -9.0369 111111 -83.1291 111111 83.6 I 88 mm 
D - I 0.0308 111111 -67.5728 111111 68 .3 133 mm 

E -1 5.7582 111111 -73 .9392 111111 75.5998 mm 

150 111111 C -3 1.65 13 111111 -99.7430 111111 104.6445 mm 
B -26.7 165 111111 -I 02.2045 111111 I 05.6387 111111 
A -35.0124 111111 - I 05 .5007 111111 11 1. 1587 111111 

D -43.4029 111111 - I 00.5937 111111 109.5578 mm 

E -42.4620 mm - 101.53 19 111111 110.05 34 111111 
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170 mm C -39 .9329 mm - 111.3370 mm 118.281 7 mm 
B -47 .3 388 mm -11 7.3987 mm 126.5836 mm 
A -43.4790 mm -1 24.2407 mm 13 1.6289 mm 
D -48.7241 mm -1 36.2275 mm 144.6788 mm 
E -29.1412 mm -141.2334 mm 144.2085 mm 

200 mm C 0.9145 mm -60.5022 mm 60.5091 mm 
B -15.4697 mm -64.7496 mm 66.57 19 mm 
A -1 5.5403 mm -65. 1589 mm 66.9865 mm 
D -7.2435 mm -66.7522 mm 67.1440 mm 
E -1 5.9981 mm -63.0295 mm 65 .0281 mm 

Table 14: Beta Run COM Displacements 

At shorter H-leg widths, the pattern is as hoped - the ''A" trial , based directly on the 

parameters extracted from the relevant alpha run trial, appears to produce the optimal 

walking gait for that trial , at least in the tested area about the --elbow'' feature . However. 

as the H-leg width increases from I 00 mm, two variations become apparent : 

• The "E" trial s appear to walk further than the "'D'' trial s, suggesting that viable 

walking parameters are potentially available further into the super-critical 

region ; 

• At H-leg widths approaching 200 mm. the optimum parameters are no longer 

at the critical point - the "D'' trial, located near the beginning of the super­

critical region, shows significantly superior performance than both the ··A" 

and " E"' trials. Thi s could suggest that results leading to the variation noted in 

the previous point may be some form of systematic out I ier. 

These results. while suggesting that the "'elbow .. feature observed in the alpha run 

simulations is significant for determining the optimal walking parameters, also indicate 

that the relationship is likely more complex than initially suspected, and will thus likely 

require a more detailed study. 

One potential explanation is that the optimum operating point is located very near the 

·'elbow'· feature, and its distance from the feature is relative to the H-leg width ; the 

Gamma run simulations, and their following Beta-type run. will likel y shed light on thi s 

relationship, should it exist. This is expected due to gamma run 's exploration between 

the respective influence of relative and absolute dimensions of both legs on the derived 
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parameters. and subsequent wa lking performance. This exploration should exacerbate 

any non-stationary relationship between the optimal operating point and the ··elbow .. 

feature. a llowing it to be identified. and mathematically described. 

The longer --E·· run strides noted for wide H-legs come at a price. hO\vever - the peak 

power dissipated by the motor· s during their operation is identifiabl) higher for operating 

points derived from the super-critical region . Ideall y. thi . would he considered by 

calculating the work done by the actuators: however the data exported from the 

s imulation tool was too noi sy and di sto rted for any meaningl'ul analysis of thi s sort to 

take place. However significant information is still discernable from the produced 

graphs. and thi is presented he re as the peak power for each ac tuati on or the vertical leg 

in Tab le 15. and the horizontal leg in Tab le 16. 

Peak Power Di ssi pati on - \ ertical Leg 

H-leg Width Trial Peak I Peak 2 Pea h. 3 Peak -I 

100 1111ll C 1.7 \\' 3.8 IA -1.0 \\ ' 3.7 \,\ ' 

R 1.8 \\' -1 .5 \\' -1 .6 \\ ' -1 .2 \\' 

A 1.9 \,\ ' -1. 7 \,\ ' -1.8 \,\ -1 .7 \\ 

D I 2.1 \ \ -1. 9 \,\ -1.9 \\ -1.9 \\ 

E I ') ') \,\' 5.1 \\ ' 5.1 \\ ' 5.0 w -·-

120 llllll C 2.1 \\ ' -1.6 \\ ' -1.7 \\' -1.6 \\ ' 

B ') ') \\ 5.0 \,\' -1.9 \\ -1. 9 \\ - ·-
A ') ' - -.' \\ 5.0 w 5.0 \\ 5.0 \,\ ' 

D 2.-1 \,\ -1.8 IA -1.8 IA -1. 9 \,\ ' 

E 2.-1 IA 5.5 \\' 5J \\ ' 5.-1 \\ 

150 111111 C 3 .J \\ ' 6.1 \\ ' 6.1 \\ 6.1 \,\ 

B 3.4 w 6.2 w 6.2 w 6.2 w 
A 3.6 w 6.3 w 6.6 w 6.5 w 
D -* w 6.8 w 6.8 w 6.8 w 
E 3.8 w 7.2 w 7J w 7.1 w 

170 111111 C 3.7 w 6.2 w 6.8 w 6.2 w 
B 3.9 w 6.4 w 6.2 w 6.3 w 
A 4.1 w 6.8 w 6.0 w 6.5 w 
D 4.3 w 6.9 w 7.0 w 6.8 w 
E 4.4 w 7.3 w 7.2 w 7.2 w 

200 111111 C 3.5 w 6.1 w 6.1 w 6.1 w 
B 3.6 w 6.3 w 6.4 w 6.4 w 
A 3.8 w 6.7 w 6.6 w 6.7 w 
D 4.0 w 6.9 w 7.0 w 7.0 w 
E 4.1 w 7.4 w 7.4 w 7.4 w 

Ta ble 15: Beta Run Pea k Power Dissipati on - Verti ca l Leg 
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Peak Power Di ssi pati on - Hori zontal Leg 

H-leg Width T rial Peak I Peak 2 Peak 3 Peak 4 

100 111111 C 0.63 w 0.88 w 0.88 w 0.88 w 
B 0.63 w 0.90 w 0.90 w 0.90 w 
A 0.63 w 0.92 w 0.92 w 0.92 w 
D 0.63 w 0.89 w 0.89 w 0.89 w 
E 0.62 w 0 .87 w 0.87 w 0.87 w 

120 mm C 0.59 w 1.7 w - w 1.7 w 
B 0.61 w 1.9 w 1.9 w 1.9 w 
A 0.62 w 2.1 w 2.6 w 2.1 w 
D 0.60 w 2.0 w 2.1 w 2.1 w 
E 0.59 w 2. 1 w 2.5 w 2.1 w 

150 mm C 0.47 w 3.2 w 4.2 w 3.2 w 
B 0.53 w 4.0 w 5.2 w 4.0 w 
A 0.50 w 4.1 w 5.3 w 4. 1 w 
D - w 4.1 w 5.6 w 4.1 w 
E 0.44 w 4.2 w 5.0 w 4.2 w 

170 mm C 3.4 w 3.9 w 5.9 w 3.9 w 
B 2.2 w 4.4 w 6.5 w 4.4 w 
A 2.5 w 4.8 w 7. 1 w 4.8 w 
D 2.3 w 4.9 w 5.8 w 4.9 w 
E 2.7 w 5.0 w 5.9 w 4.9 w 

200 mm C - w - w - w - w 
B 1.5 w 2.6 w 3.3 w 2.6 w 
A 1.6 w 2.7 w 3.5 w 2.7 w 
D 1.6 w 2.7 w 3.5 w 2.7 w 
E 1.6 w 2.7 w 3.7 w 2.7 w 

Table 16: Beta Run Peak Power Dissipation - Horizontal Leg 

• ote . A dash"-" represems those data that were ,rreco,crable due to no1se/d1storuon 111 the s1mulat1on output 

With the exception of the 170 mm trial s. the peak power consumed by each actuation 

genera ll y increases as the operating point moves from the sub-critical to super-critical 

regions. One observed pattern is that the third and fourth peaks tend to be eq ual. and the 

third peak sli ghtly greater - thi s is likely not due to any pai1icular mechanical 

explanation. but rather a further quirk of the simulation technique. From observation of 

the running si mulations, because the robot starts from ·'square'- stance, the first step tends 

to slide sideways somewhat. Thi s tended to set up an alternating pattern of further 
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sideways movement in the robot's further steps. likel y explaining the alternating nature of 

the .. middle .. peak. 

ote. of course. that the first peak is significantl y smaller - thi s is a lso resultant of 

startin g from .. square .. stance. and represents the first ··half step .. req uired from each 

actuator. before the regular walkin g cycle beg in s. 

Also of note. however. is that the 170 mm geometry appears to be nea r some form of 

critical point re lated to H-leg ,, idth: despite stride length and po,, er di sipat ion steadi ly 

increasing for H-leg ,, idths from I 00 111111 to 170 111111 . the tria ls run ,, ith W1, = 200 111111 

show a conside rab le drop in both d istance covered and pc)\\er d iss ipated. The 

conductance of beta run simulat ion s of the intervening geo rnetri e shou ld shed li ght on 

whether this is a further .. critical poim .. phenomena. or merelv due to an error in the 

si mulator settings or executi on or the 200 111111 tri als. 

6.1.3 Other Simulation Runs 

nfortunatel) . due to time constraints. it ,,as not possib le to execute the Gamma. Delta 

or Ep ilon simulati on runs. The Gam ma. Delta and Epsi lon sim ulations. as ,veil as th eir 

intended Beta-sty le compara ti ve simulations. ,,ere intended to exp lore other geometrical 

and phys ical influences on the robot·s walking behaviour. and thus provide a 

considerably more compl ete ··picture .. of the de 1gn con iderations for developing v-net 

controlled walkers of thi s type . 

This mechanical context is a common. simple and robu t framework easily controlled by 

nervous networks, and the completion of these studies will significantl y reduce the effort 

required to develop an operational implementation of a nervous network controlled 

walker constructed in thi s pattern. 
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6.1.4 Summary 

The alpha run simulations were successful in identifying significant features in the 

behaviour of the mechanical context, specifically in the relationship between the v-leg 

and h-leg joint angles, in the case where the v-leg is driven and the h-leg joint is free to 

move. It was theorised in section 4 (Methodology) that a relationship would likely be 

apparent here, due to the ability of the v-leg ' s movement to influence the h-leg. 

The observed relationship is shown to have several qualitative "zones'', including a 

prominent "'elbow'' feature. identified as a critical point in the robot's behaviour. In order 

to test the validity of these observations for the development of useful walking 

parameters. this critical point feature was used as the operating point for the extraction of 

test parameters for the beta run simulations. 

The beta run simulations clearl y showed that parameters derived around this critical point 

phenomenon were useful. and perhaps even optimal for the production of low frequency 

walking behaviours in the targeted mechanical context . For certain leg topologies, 

however, the optimal parameter point for walking behaviour was no longer centered on 

the '"elbow" feature. suggesting that the relationship may be somewhat more complex 

than at first it appears. 

Results also suggested that the power consumed by the mechanical context m 

implementing these walking behaviours was not directly linked with gait optimality; 

rather it appeared to be a function of leg topology. 
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6.2 Recommendations 

6.2.1 Further Model Development 

In order to continue researching thi s type of v-bot. one of two approac hes will need to 

be taken - e ither a rea l worl d ro boti c platfo rm suitable fo r research measurements must 

be constructed. or a more detail ed model mu st be implemented. It is likely that a 

combinati on of these t,, o methods ,,ill prove the most successful. 

In term s of more advanced simul ation. not onl y is a hi gher leve l of detail required for th e 

mechanical s imul ati on. the moto rs. interface ·. and v-net con tro ll er must also be 

acc urately mode led. and the resul ti ng mode ls linked. This step in to the rea lm of 

mult iph) sics simulation. as it req uires mechanical. electromechanical. and both analogue 

and digi tal e lectronic · mode ling in order to accurate!) represent the behavio ur 01· the 

robot"s consti tuent tec hno logies. 

One ,, ay of implement ing thi s type of simu lation ,, oul d be ,,ith a ded icated suite of 

mult iphys ics too ls. such as ComSo l (see for more deta il s). Thi s 

has the advantage of allowing the resea rcher to work in a uni fied environment. and thu s 

provide integrated ou tput of all the resu lts as well. 

A more readil y ava il able way of implementing thi s would be to use an interface to all ow 

two ex isting packages to interact. For exampl e. the ati onal Instruments LabView­

Solidwo rks Mechatronics Too lkit (N I We bsite, 2007) allows LabYi ew to provide input 

into a COSMOS/Moti on simulati on. Thi s wo uld all ow a mode l of the v-net contro ll er 

to be constructed in Lab View. and also accurate modeling of the interface circuitry and 

motor behaviour as well. The motor outputs could then be feed into the joint driving 

functi ons in Solidworks to all ow for an integrated simulati on. 
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Even with the significant advances in computing technology and simulation techniques in 

recent years, however. simulations can not perfectly represent the complexity and chaotic 

nature of the real-world; exacerbating this is the significant simplifications required to 

produce a model that can practically be simulated upon . Thus the best next step in the 

development of these conclusions is the implementation of a functioning walker in the 

real world, and thus the physical verification of the results presented in this thesis. 

In order for the results presented here, and those stemming from completion of the other 

simulation runs, to have significant meaning. they must be tested on a physical 

implementation of the mechanical context, under the control of a nervous network. 

Experiments carried out with thi s real-world implementation will then allow conclusions 

to be drawn regarding both the accuracy and shortcomings of this study, and produce 

results that are all the more directly applicable for researchers for having been tested and 

refined in their actual operating environment. 

6.2.2 Further Research Development 

In order to encourage further academic research into Nv-networks, their potential, their 

capabilities. and their computational mode l/"i nner workings". it is necessary for more 

research to be done in the fundamental areas of network construction and tuning, and 

general network theory. As these fields become more concretely expressed, it will be 

more practical to undertake academic research. both in terms of the time taken to bui Id a 

useful research platform. and also the provision of a stronger theoretical base, and an 

increased ability to express v-bots' operation and behaviour mathematicall y. 

The maJor area of focus for near-term research into this area must thus belong to 

theoretical exploration and development. Until the understanding and "quantifiability" of 

Nv-networks is increased to a much higher level than it is currently, it will be difficult to 

attract high-profile academic research. Once theory has developed to a level to allow at 

least limited subjective mathematical modeling of Nv-bots, the potential for quantum 
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leaps in applicati ons and understanding of arti fic ial neuronal systems becomes a ve ry rea l 

prospect. 

6.3 Research Application 

Currently. there are two primary ways of "programmi ng" v-nets: a) alterin g the 

characteri stics of the neurons and their communicati ons and linkages to each other. and 

b) altering thei r linkage to their environm ent (i.e. the level. sensi ti vity & type of stimulus 

rece ived fro m the environment via sensors. and the level & t) pe or infl uence the robot 

exerts on the environment via act uators). Once unde r randing has been deve loped 

regardin g the way in wh ich Nv-nets perceives and responds to st imuli rep resenting their 

env ironment it \\ ill be poss ible to use a sing le diverse net,, ork in man) diverse 

applicati ons. mere ly by using a "pl ug-and-pl ay" approac h. and a di verse array or 

deve loped interface . 

Considered in this way. a \\ alki ng robot is nm over) different from a clean ing robot. a 

s,, imming robot. a social robot. or even a robot ,, hose em ironmcnt is the informa tion 

real m - cyberspace. Ir the task or problem is of a t) pe the can be mapped onto the 

behav iour of a pa rti cul ar Nv-net. potential ly the onl y ba rri er that stands in the way of 

creat ing a robot to satisf1 the need is the design of an interface that sui tabl 1 in tegrates the 

task/prob lem into the robot's environment - its survival doma in. 

By deve loping a knowledge of the mechanica l behavio urs of a common robotic plat fo rm . 

thi s the is prov ides progress towards thi s appli cati on. prov iding researches with a known 

context in which to ex plore the mapping of an v-net' s ··world view··. 
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6.4 Conclusion 

This thesis set out to examine. via simulation, a typical mechanical context from 

neuromorphic walking controlled by Nv-nets. with the intent of improving knowledge of 

the mechanical context, and thus providing a more complete platform for future research 

into Nervous Networks. 

Simulations were devised to investigate the extraction of capable walking parameters 

from a given robot geometry, and to determine how they changed relative to the leg 

topology of the robot. Simulations were also developed to evaluate the proficiency of 

such derived parameters in generating walking behaviours. and produce metrics to allow 

the comparison of these behaviours. 

As a result of these simulations, a critical point phenomenon, observable as an elbow-like 

feature discussed in sect ion 6.1.1 (S imulation Run Alpha), was identified in the robot's 

geometry, from which an operating point was extracted . A parameter vector was 

developed about this operating point. to provide test parameters around the identified 

feature to determine whether parameters derived from this critical point produced optimal 

walking patterns. 

These parameters were then tested in a series of simulations across a range of robot 

geometries. and provided significant evidence to suggest that the identified critical point 

phenomena is useful in producing parameters for near optimal robotic gaits for low 

frequency walking in the studied mechanical context. 

In order to full y validate these parameters. however. these findings will need to be 

applied to a ·'real world'·, Nv-net controlled implementation of the robot, such as that 

outlined in section 2 (Robotic Platform). Results from such experimentation will provide 

useful data for further refinement and development of the conclusions of thi s thesi s. 
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Thi s Masters the is set out to ex plore and investigate the influence of vari ous fac tors in 

the des ign of a neuro morphic wa lker' s mechanica l context on the ro bot" s wa lking 

behaviour. Thi s goa l was pursued by ident ifyi ng multiple factors capab le of influencing 

the \Va lking ga it of such a robot. quantifyi ng the influence of several such fac tors. and 

providing empirica l too ls fo r the deve lopment of future implementat ions of Nv-net 

powered wa lkers using thi s e legant mechani cal template. 
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