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ABSTRACT 

The advancements made in technology over the past several decades have brought the 

field of humanoid robotics closer to integration into the everyday lives of humans. Despite these 

advances, the cost of these systems consistently remains high, thus limiting the environments in 

which these robots can be deployed. In this thesis, a pair of low-cost, bio-mimetic legs for a 

humanoid robot was developed with 12 degrees of freedom: three at the hip, one at the knee, and 

two at the ankle. Prior to developing the robot, a survey of the human-sized robotic legs released 

from 2006-2012 was conducted. The analysis included a summary of the key performance 

metrics and trends in series of human-sized robots. Recommendations were developed for future 

data reporting that will allow improved comparison of different prototypes. The design of the 

new robotic legs in this thesis utilized human anatomy data to devise performance parameters 

and select actuators. The developed system was able to achieve comparable ROM, size, weight, 

and torque to a six-foot tall human. Position and zero-moment point sensors were integrated for 

use in balancing, and a control architecture was developed. A model of the leg dynamics was 

created for designing balancing and walking algorithms. In addition, hydraulic actuators were 

evaluated for use in humanoid robotics, and testing was conducted in order to create a position 

control methodology. Finally, a predictive deadband controller was designed that was able to 

achieve accuracy of less than one degree using a valve with slow switching speed. 
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Chapter 1  

Introduction 
For centuries, humans have attempted to develop a mechanical copy of their own bodies. 

While our goals have varied from entertainment to science to military use, the overall objective 

has remained the same: to create a robot that is able to emulate what humans are able to do. The 

world is laden with inventions which surpass almost any particular human capabilities, whether 

that is an automobile’s speed, power, and range; an industrial machine’s precision in 

manufacturing; or a computer’s ability to process massive amounts of data. However, no 

invention is able to match the vast capabilities of man in one system, as cars are unable to climb 

stairs, machines only produce what they are created to fabricate, and computers only calculate as 

they have been programmed. As better tools have been developed, increasingly more of the 

tedious or repetitive tasks are conducted by machines, allowing humans to dedicate time to our 

unique capacities: critical and creative thought. The desire to have one machine that can perform 

the functions of humans with the same capacity has driven the development of humanoid robots. 

Walking legs are critical for many of the functions that are important towards achieving this 

goal. 

1.1 Justification for Walking Robotics 

Most of the systems investigated in the literature for locomotion have relied on wheels 

instead of legs. However, with the progress made in development of actuators and computers, 

legged robots now offer several advantages over their wheeled counterparts. Typically wheels 

have been designed to move on flat surfaces with limited inclines. Rougher terrains were largely 

impassable or needed treaded vehicles, which are also limited. Conventionally wheeled systems 

have a large contact area and need continuous contact with the ground to apply torque only in 

one direction that is normal to the point of contact between the wheel and ground in the direction 

of rotation. However, the form of most wheeled vehicles, having all sets typically rotating in one 

direction with some or all being able to pivot around a vertical axis, makes controlling their 

movement considerably simpler than legs with more degrees of freedom (DOF). Further, because 
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all of the supplied energy goes directly into propelling the vehicle, wheels would be more 

efficient for movement in a straight direction on a flat surface than a leg, which uses energy to 

lift in the vertical direction (assuming negligible frictional losses). 

1.1.1 Establishing Criterion for Selection of Legged Robot 

To establish the criterion for developing a legged robot, the comparative advantages of 

the wheeled and legged robots first must be established. A review of the current literature mostly 

provides the justification for legs in qualitative and subjective terms. Generally, the literature 

suggests allowing a robot to operate in human environments without adapting the environment to 

the robot (e.g., Chew, Tay, Smit, & Bartneck, 2010). However, environments are continually 

adapting to new technology, be it elevators and ramps for wheelchairs, or wireless internet for 

communication devices; thus, simply stating the environment is insufficient rationale. Thus, an 

attempt was made to systematically provide a justification for research on bi-peds, beginning 

with the definition of stability. 

1.1.2 Defining Stability 

In general, wheeled robots have been accepted as more stable platform than their legged 

counterparts. A system that is stable is defined as the one that will not lose its balance. If a static 

system with no outside forces being applied to it has only a single point (i.e., an infinitesimally 

small place in space) in contact with the ground, then the only time in which that system is 

balanced is when the center of mass (COM) is exactly above that point. If the system has two 

points of contact (POC), then the balance is only achieved when the COM is somewhere along 

the line between the two points (Figure 1.1.1). If three or more POCs are present in the system, 

they will form the support polygon, which we will refer to as the base of support (BOS; Figure 

1.1.1). As long as the COM remains within the BOS in the X-Y plane, stability will be 

maintained if the system is at rest and not under influence of outside forces. 
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Figure 1.1.1. BOS for one, two, and three points of contact. The BOS is shown by the dot at 

the bottom of the segment and the line connecting them. The support polygon would 

continue to grow with additional POCs. 

However, if the system is not at rest or any outside forces are applied, then the center of 

pressure (COP), or zero moment point (ZMP) as it is commonly referred to in robotics, must 

remain inside the BOS. Although the distribution of forces between the POCs and the ground is 

complex, Erbatur, Okazaki, Obiya, Takahashi, and Kawamura (2002) have provided an analysis 

of the stability (p. 431, as cited in Tak, Song, & Ko, 2001; see Figure 1.1.2) which reflects some 

important considerations. Erbatur et al. (2002) define ZMP as the location of the point where the 

net force, including the inertial and gravitational forces, has no component except in the vertical 

direction (perpendicular to the ground (as cited in Tak et al., 2001). 
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Figure 1.1.2. ZMP underneath a foot. Figure adapted from Erbatur et al. (2002). The forces 

on the bottom of the foot can be approximated by the force P and moment M at any point. 

If a wheel is a perfectly round disk which is infinitely small, it would contact a perfectly 

flat surface at only one infinitely small point. However, actual wheels deform, as does the 

ground, so the contact points will be infinite in number in the area between the wheel and 

ground, as they will be for the area under the contact points for legged robots. The BOS for any 

system will be the largest polygon that can be drawn through the points of contact with the 

ground, as is displayed in Figure 1.1.3. Therefore a system will be more stable if it has a larger 

BOS than a robot of the same form with a smaller BOS. From here forward POC will refer to the 

whole part of the robot that is making contact with the ground whether that is a foot or tire. 

 

Figure 1.1.3. Base of support for robotic feet. The support polygon is the area under and 

between the POCs. The system will remain stable as long as the COP is within this area, as 

is shown. 
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1.1.3 Defining Wheeled vs. Legged Robots 

With the definition of stability established, a comparative analysis of legged and wheeled 

robot can be developed. A legged robot has the ability to actively move a point of contact in the 

vertical direction, in contrast to a wheeled robot, which uses wheels as the primary method of 

force transmission and cannot actively move any of its points of contact in the vertical direction 

(see Figure 1.1.4). These definitions were developed to distinguish a system that can lift one of 

its wheels off the ground using a segment of various shapes from one whose wheels are static, 

because lifting a segment would enable a system to potentially walk or move up to a higher level. 

It is important to note that legged robots do not necessarily walk as their primary means of 

movement. Walking robots will be defined as legged robots that primarily translate by moving 

segments in the vertical direction rather than using rotating wheels. Hybrid robots also exist, 

utilizing both legs and wheels (see Figures 1.1.5 and 1.1.6).  

 
(a) 

 
(b) 

 
(c) 

Figure 1.1.4. Examples of wheeled robots. (a) a robot with a raised DOF that changes the 

distance between the wheels by adjusting the angle between the segments, but cannot lift a 

wheel off of the ground. (b) a system that uses a prismatic joint to similarly change the 

distance between the wheels. (c) a system with fixed wheels, but because some are raised, 

the BOS can change when the higher wheels come into contact with a surface. Although the 

wheels do not move, this is still considered a wheeled robot. 
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Figure 1.1.5. Leg-wheel hybrid robot. This robot can either have four legs, which rotate 

and move POCs off the ground, or as a wheeled robot, where the wheels are always in 

contact (Shen et al., 2009, p. 4682). Figure reprinted by permission, © 2009 IEEE. (see 

Appendix A). 

 

Figure 1.1.6. Roller-walker robot. This robot is able to move by walking or using the 

passive wheels on the end of each leg, which rotate down to contact the ground (Endo & 

Hirose, 2011, p. 979). This would also be classified as a legged robot, because it is able to lift 

its POCS. However, if the wheels could not be lifted, it would be classified as a wheeled 

robot despite having appendages that move. Figure reprinted by permission, © 2012 Taylor 

& Francis (see Appendix A). 

Because the legged robots can move a POC vertically, they have two distinct advantages 

over wheeled robots. First, the robots are able to actively change their BOS by varying the 

number of POCs. For example, a four-legged robot would be able to lift one POC if that point 

began to slip. Second, legs allow movement in a discontinuous path. A wheel must move along a 
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continuous line from one point to another, while a leg can be lifted, moved, and set down. These 

two advantages allow legged robots to perform tasks that wheeled robots cannot. Mobility on 

uneven surfaces such as rocky or wooded terrain can be a complex task for wheeled vehicles. 

Legs allow a robot to step over obstacles or step up to a higher plane such as when navigating 

stairs. Being able to move a POC to an area with more traction is critical when handling diverse 

environments. Consequently, while wheeled robots appear to have a definitive edge when 

moving on flat surfaces, legged robots are more adaptive and in turn can handle a wider variety 

of situations. In the next section a discussion on the choice of legs over wheels is presented.  

1.1.4 Justification for Two Legs over More Legs 

Walking robots come in a variety of forms. Over the past 25 years, many of the 

humanoids that have been developed are bipedal, which has both advantages and disadvantages 

when compared to the walking robots with more legs. Systems with six legs or more have the 

advantage of being able to maintain stability by keeping at least three POCs on the ground at all 

times (Bräunl, 2008). However, two-legged robots will have a smaller footprint than other 

robots, which allows them to navigate in tighter spaces. It is also the minimum number of limbs 

necessary; fewer legs also means a smaller number of joints to design and control in addition to 

less weight. However, the most important reason for a biped is the resemblance to the human 

form (Lebouvier, 2011). If a two-legged robot is able to maneuver in the similar fashion as a 

person, it could be used in identical situations and environments. This would allow robots to 

perform tasks which are considered menial and repetitive or are dangerous and pose risk towards 

the health of humans. The use of bipedal legs as prosthesis could also be a possibility in the near 

future. Moreover, researchers have also cited the ability to study human kinematics by 

developing robotics to mimic the motions such as Wabian (Ogura, Aikawa, Shimomura, Kondo, 

& Morishima, 2006). Behnke (2008) points out that the goal of developing humanoid robots is to 

create robots that work in close cooperation with humans in the same environment that we 

designed to suit our needs. Coradeschi et al. (2006) detail the potential roles of humanoid robots 

by stating that robots are only now becoming commonplace in everyday life for the general 

population but will eventually begin to permeate schools, homes, and healthcare. Furthermore, 

they contend that developing robots with similarity to humans will facilitate the adoption of the 

systems for people without a depth of knowledge of the technology (Coradeschi et al., 2006). 
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When the nearly limitless capability of humans is considered, it seems as though only a biped 

would be able to fulfill this goal. 

In addition to the scientific reasons for developing bipedal robots, a significant part of the 

rationale comes down to the psychological desire of humans to build systems that resemble 

themselves. The Idaho National Laboratory (n.d.) describes the human fascination with 

humanoid robots functioning beyond that of mere automation, citing classic writings by Homer 

as early examples of this trend. Thus, the natural inclination for people is to incorporate human-

like attributes in any tools, ranging from hammers to cellular phones to vehicles. It seems that 

human nature desires objects to interact, as is seen with the technology that permeates science 

fiction (Behnke, 2008; Idaho National Laboratory, n.d.; Lebouvier, 2011; National Public Radio, 

2007). As Coradeschi et al. (2006) agree, humans have a tendency to expect human-like 

attributes (e.g., human emotions and motivations) to manifest in robots. 

It is likely that this desire to humanize robotics also greatly influences the level of public 

interest in humanoid robots. Although little by way of empirical research has commenced on the 

subject, some discussion has been held regarding the malleability of the public’s interest level. 

Lebouvier (2011) notes that while fictional writings have primarily focused upon the human 

desire to seize the role of the creator, little has been written concerning the link between the 

development of robotic technology and society. In addition, Hiroshi Ishiguro has discussed our 

high expectations of humanoid robots; we often attribute human personality to the inhuman, 

which drive our attraction to humanoids and androids (Coradeschi et al., 2006).  

Noel Sharkey, a well-known British robot expert, said to be the man from whom the 

history of intelligent robots stemmed, notes in an Australian newspaper article that while people 

have been trying to re-create themselves throughout history, the rationale for doing so is an 

important yet unanswered question (Reikert, 2005). Similarly, Stacey and Suchman (2012) while 

discussing the relationship between automation and animation touch on human nature and our 

response to robots. The authors discuss Jessica Riskin, a historian of automata’s (e.g., see Riskin, 

2003) thoughts on our capacity to “humanize” mechanics when presented with a human-like 

object, and in turn the reciprocal relationship inherent in this interaction: our interpretations of 

what it is to be human are shaped by our interactions with humanoid machines, and likewise our 

interpretation of what it is to machine is affected (Stacey & Suchman, 2012). Herein lies a 

potential threat: the boundary between machine and human is obscured.  
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However, although these sentiments are likely to be among the greatest justifications for 

developing a walking biped, further investigation is outside the scope of this research. As 

Lebouvier (2011) describes it,  

[o]ur inability to describe adequately just what it is that makes us unique deeply engages 

us as few other scientific or philosophical questions can. In their capacity to compel us to 

look at ourselves, humanoid robots might be considered the ultimate technological 

artifact. (Lebouvier, 2011, p. 3) 

1.1.5 Applications for Walking Robots 

Systems which translate using legs have traditionally taken inspiration from nature, and 

the types of legged robots have followed the biological trend of extreme diversity in architecture. 

The range of designs spans from systems that are large with four legs like Big Dog by Boston 

Dynamics which weighs over 100 kilograms (Wooden et al., 2010) to very small with six legs, 

such as the 2.4 gram RoACH, which was developed at the University of California (Hoover, 

Steltz, & Fearing, 2008). A humanoid robot has been defined as a machine in which “perception, 

processing and action are embodied in a recognizably anthropomorphic form in order to emulate 

some subset of the physical, cognitive and social dimensions of the human body and experience” 

(Idaho National Laboratory, n.d., para. 14)]. Within this group, many of the robots are much 

smaller than a human, such as Virginia Tech’s DARwIn (Muecke & Hong, 2007) and NAO 

(Gouaillier et al., 2009) developed at Aldebaran Robotics. Because of their small stature and 

light weight, these bipeds tend to be less expensive to implement. However, their size also limits 

their capability, which is why considerable research has been performed on robots closer to 

human size and strength. 

Chevallereau et al. (2009) explain that the areas of use for bipedal robots focus around 

service, dangerous terrains, defense, and medical prosthesis. Service robots could be used to 

assist at personal residences with daily chores, particularly for an aging population. Dangerous 

terrains such as fires or car accidents present hazards on a daily basis where a humanoid could 

potentially assist in the most dangerous tasks. The Defense Advanced Research Projects Agency 

(DARPA) in the United States announced the DARPA Robotics Challenge in 2012, and the tasks 

that the systems will be required to perform focus on disaster response (DARPA, 2012, 2013). 
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DARPA also funds the development of the humanoid PETMAN by Boston Dynamics (2012), 

whose stated purpose is to test clothing for chemical protection. Humanoid soldiers have been 

included in film and movies for decades (Lebouvier, 2011; National Public Radio, 2007), and 

many of the currently developed systems could be used to supplement or replace members of the 

armed forces in the future. Medical prosthesis, as previously mentioned, could also benefit, 

although a pair of connected legs would probably be less common than replacing several 

segments of one leg or the lower leg from the knee down. Despite these projections, as androids 

continue to advance, the number of jobs they could fulfill will only grow with cost reductions 

and increases in functionality. 

1.1.6 Justification for the Presented Design 

The focus of this work was on developing a pair of robotic legs as part of a humanoid 

robot. The overall purpose is for the system to be used in two applications: as a laboratory 

assistant to conduct experiments and as an elderly assistant. In a laboratory setting, developing a 

system which could conduct experiments remotely with a high level of adaptability could open 

the door for more collaboration and equipment sharing in scientific studies. As an elderly assist 

robot, the largest gains would be providing care to older people with everyday tasks, including 

movement, dressing, and taking medication. The goal in both situations would focus around 

initially developing a semi-autonomous system with a human in the loop to control the robot and 

over time move towards higher levels of autonomy. 

The robotic legs are important to accomplishing these goals for several reasons: 

1. Environments in which the robot will be expected to perform will continue to be occupied by 

people, and therefore a goal will be to minimize the changes needed to accommodate the 

robot. Walking, bending over, and maneuvering in tight spaces will be required capabilities. 

2. Stairs and obstructions will be present in both scenarios, especially if the system matures to 

the point of being integrated into private homes. 

3. For elderly assistance, patients may feel more comfortable if the system more closely 

resembles a human. The same may be true for those working in the laboratory. 

4. In both situations, the cost of current humanoid robots will continue to prevent their 

widespread integration into daily life. 
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1.2 Survey of Full Size Bipedal Humanoid Robots 

1.2.1 Criteria for Survey 

To understand the trends in bipedal robots and the typical parameters of design, a survey 

was conducted on the recently developed full-sized humanoids, which are defined here as robots 

meeting the following parameters: 

1. Primarily walks on two legs 

2. At least 1 m in height with an upper body, or 0.5 m to the waist without an upper body 

3. Released between January 1, 2006 and June 30, 2012 

Because the focus of this thesis is on humanoid robots, only those systems with two legs 

are included. Robots that can walk on two legs but primarily walk on four or use wheels were 

excluded from this survey. Smaller robots are not able to perform many of the human tasks due 

to the lack of reach and strength. Because computational technology is evolving at an 

unprecedented rate and the goal here is to summarize the state-of-the-art, only the newest 

systems are included. 

1.2.2 Data Collection 

A difficulty in performing this survey was the diversity of data reported from each 

research group. Many research teams have not published the results in peer-reviewed journals, 

and other researchers have not provided quantitative information about their components using 

terms like servomotors instead of specifying the type of motor. Data collected for this analysis 

was taken from scholarly publications, official websites of the developing groups, and from 

publications in reputable newspapers and magazines. Six humanoids were not included in the 

analysis due to the lack of verifiable data, and are listed in Table 1.2.1. PETMAN is widely 

accepted as one of the premier walking humanoids developed to date; however, as videos on 

Youtube.com were the primary sources of information, it was removed from the analysis. 

Common robot description parameters are included, and later suggestions for data that can be 

included in the future are presented. Due to the large number of publications included in this 

survey, the citations for each robot are included in Appendix B. 
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Table 1.2.1. Biped robots not included due to lack of verifiable data 

Robot Name Developers 
BHR5 Beijing Institute of Technology 

E-nuvo ZMP, Inc. and Nippon Institute of Technology 

KIBO 3.0 KIST 

NASH Nanyang Technological University 

PETMAN Boston Dynamics 

SURENA 2 Tehran University 
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Table 1.2.2. Survey of qualitative data on full size bipedal robots 

Robot Name Developers 
Latest  

Release Purpose* Actuator Type 

ASIMO Honda Motor Company 2011 2,3 Unknown DC  

ATOM FutureBots Humanoid Lab 2010 1,2,3 Unknown DC  

BHR 2 Beijing Institute of Tech. 2006 2 Unknown DC  

BHR 3 Beijing Institute of Tech. 2010 2 0 

BHR 4 Beijing Institute of Tech. 2012 2 0 

CB Sarcos 2006 4 Hydraulics 

Charli-L RoMeLa 2010 6 Brushed DC 

Charli-2 RoMeLa 2011 6 Brushed DC 

COMAN Italian Institute of Tech. 2011 6 0 

DLR Biped DLR 2010 2 Brushless DC 

HRP 3 Kwada Industries 2007 2 Unknown DC  

HRP4 Kwada and Aist Industries 2010 2 Unknown DC  

HUBO2(KHR4) Kaist 2008 6 Brushless DC 

KBHR Kangawa University 2011 2 Brushed DC 

LOLA Inst. of Appl. Mechanics and 

Tech. University Munich 

2008 2 Other Electric  

MAHRU 2 KIST 2006 2 Brushed DC 

MAHRU 3 KIST 2007 2 Brushed DC 

MAHRU R KIST 2009 2 Brushed DC 

MAHRU Z KIST 2010 2 Brushed DC 

REEM B Pal Robotics 2008 2,5 Brushed DC 

Running Robot Toyota Motor Company 2009 6 0 

Violin Playing 

Robot 

Toyota Motor Company 2007 2 0 

WABIAN 2R Waseda University 2009 4 Unknown DC  

Suralp Sabancı University 2010 2 Unknown DC  

Note: * 1 = defense, 2 = assistance, 3 = industrial, 4 = medical, 5 = social; ** legs only. 
Note: References for each robot are included in Appendix B. 
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Two of the robots, COMAN and the DLR Biped, were included despite the lack of an upper 

body. Several systems are part of a series developed by the same research team, but only the 

releases since 2006 were included in Table 1.2.1. Purpose or role for the robots was grouped 

according to common trends. The types of actuators used were inconsistently reported in 

literature with results varying explicit details such as model numbers to more ambiguity, such as 

referring only to hydraulic actuators or servomotors, as noted above. Because the literature is 

often ambiguous as to whether or not the published weight accounts for batteries, the table below 

includes the reported weights without distinguishing tethered from un-tethered. 
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Table 1.2.3. Survey of quantitative data on full size bipedal robots 

Robot Name 

Weight 

(kg) 

Height 

(cm) 

Max Speed 

(km/h) 

Total 

DOF 

Waist 

DOF 

Leg 

DOF 

ASIMO 48 130 9.0 57 1 6 

ATOM 73 158 0.0 48 0 7 

BHR 2 63 160 0.0 32 0 0 

BHR 3 -- -- 0.0 -- 0 7 

BHR 4 63 165 0.0 32 0 0 

CB 92 158 0.0 50 3 7 

Charli-L 12 141 0.8 21 0 5 

Charli-2 12 141 1.4 25 1 6 

COMAN 17 67 0.0 15 3 6 

DLR BIPED 50 143 0.5 12 0 6 

HRP 3 68 161 2.0 42 2 6 

HRP4 39 151 1.6 34 2 6 

HUBO2 (KHR 4) 45 130 2.0 41 1 6 

KBHR 60 162 0.7 29 3 6 

LOLA 55 180 3.3 25 2 7 

MAHRU 2 70 155 0.0 31 1 6 

MAHRU 3 62 150 1.3 32 1 6 

MAHRU R 50 135 0.0 34 0 6 

MAHRU Z 60 150 0.0 35 1 6 

REEM B 60 147 1.5 51 0 6 

Running Robot 50 130 7.0 -- 0 7 

Violin Playing Robot 56 152 0.0 -- 0 0 

WABIAN 2R 64 150 1.9 41 2 7 

Suralp 101 164 0.0 29 1 6 

Mean 55.2 146.9 2.5 34.1 1.14 6.19 
StDev 20.9 21.0 2.5 11.5 0.80 0.59 

StDev % of mean 38% 14% 97% 34% 70% 9% 

Note: References for each robot are included in Appendix B. 
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Table 1.2.3 displays quantitative data describing the survey of robots in form and 

performance. The maximum speed of each robot included in Table 1.2.3 is the highest reported 

either for walking or running. This is the only consistently-reported active metric of 

performance. The total DOF is a measure of the DOF of the whole robot, including the upper 

body and hands. Waist DOF can include rotating or bending the torso and is not necessarily 

required to be adjacent to the hips because the human spine moves along its length. Leg DOF 

includes DOF at the foot, such as a “toe” joint in WABIAN. 

1.2.3 Survey Results 

The results of the survey revealed many interesting trends. As previously stated, several 

additional robots were found on websites but are not included in the analysis here due to the lack 

of sufficient data. 

 

Figure 1.2.1. Number of robots released by year. The number of robots released in 2012 

would likely be higher if the second half of the year was included. 
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Figure 1.2.2. Distribution of robots by region. Because Japan and Korea release such a 

large number of robots, they were each separated from the rest of Asia. Turkey, which is in 

both Europe and Asia, was included in the count for the latter. 

 

Figure 1.2.3. Distribution of robot purposes. Robots could qualify for multiple categories, 

and zero robots were found to focus on defense. 
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The distribution of robots for each year was fairly consistent and showed that 

development was continuous between 2006 and 2012 (see Figure 1.2.1). From Figure 1.2.2 it is 

clear that Japan leads the world in biped development, with Korea and Europe also producing a 

large number of the humanoids. The United States has made some contributions, but what may 

possibly be its best robot, the defense-focused PETMAN, was not included (as was previously 

mentioned) due to the lack of reliable data. Stairs in homes may be the cause for the large portion 

of biped robots focused on assistance, as Figure 1.2.3 demonstrates. 

 

Figure 1.2.4. Distribution of actuators used. Many research teams were not specific about 

the type of actuators used and were therefore not included. A common trend was to only 

specify a “servomotor” which could refer to several actuators. 

The trend in actuators heavily favored electric motors, and brushed DC motors seemed to 

be the most prevalent (see Figure 1.2.4). Brushed DC motors have the advantage of possessing 

simpler drives than other types of motors, such as brushless motors (Park, Kim, Lee, & Oh, 

2005). This is caused by the fact that brushed motors, as the name suggests, use brushes to 

alternate the current, while brushless motors use external electronics to supply the alternating 

current directly (Chevallereau et al., 2009). Hydraulics supply a very high power/weight ratio 

and are more powerful, but are also nonlinear and more complex to control than electric motors 
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(Caldwell, Medrano-Cerda, & Goodwin, 1995; Hollerbach, Hunter, & Ballantyne, 1992). 

However, because of their strength, hydraulics can be used as direct-drives without gears. 

Without the difficult to determine losses due to friction in gearing systems, the force output can 

also be determined by measuring the pressure in the piston. Pneumatic humanoids did not appear 

in the survey, which may be due to the difficulties with the compressibility of air. All of these 

data provided valuable and useful information towards the selection of the actuators for leg 

design considered in this thesis.  

Table 1.2.4. Mean values of robotic parameters 

 
Weight 

(kg) 
Height 
(cm) 

Max Speed 
(km/h) 

Total 
DOF 

Waist 
DOF 

Leg 
DOF 

Mean 55.2 146.9 2.5 34.1 1.14 6.24 

Std Dev 20.9 21.0 2.5 11.5 0.80 0.53 

Std Dev % of Mean 38% 14% 97% 34% 70% 8% 

Typ. US Male Values 881 1761 37.62 703 34 84 

Note. These data are also displayed in the above Table 1.2.3. The average values did not include 

data that was not reported, including situations where the maximum speed was not reported in 

literature. 1Human weight and height data from McDowell, Fryar, Ogden, and Flegal (2008). 
2Max speed was calculated by taking the speed during world record for the 100 m dash (USA 

Track & Field, 2012). 3Simplification by counting six for each leg, four for each arm, two for 

each wrist, three for the back, three for the neck, and 20 for each hand. 4Human waist and leg 

DOF data from Chaffin, Andersson, and Martin (999). 

Table 1.2.4 shows the mean and standard deviation for each of the parameters in Table 

1.2.3. The weights of the robots were focused around 55 kg. CHARLI-L and CHARLI-2, which 

were developed at Virginia Tech, were the lightest full-body robots, each weighing under 12.5 

kg, and Suralp was the heaviest at 100 kg. COMAN, which has only legs, weighs only 17.3 kg. 

COMAN, CHARLI-L, CHARLI-2, and Surlap are the only four systems more than two standard 

deviations from the mean. The mean (55.2 kg; see Figure 1.2.3) was still significantly less than 

the weight of the typical US male (88 kg). 
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The heights of the robots were considerably more consistent, with a standard deviation of 

only 14% of the mean. This is likely due to most groups desiring humanoids to be close enough 

to human height to allow for performance in a wide variety of tasks while maintaining a center of 

mass closer to the ground than the average adult male in the US (which is approximately 30 cm 

taller). Although the human body has a very high number of DOF (the spinal column alone has 

dozens), the motions can be approximated to the 70 DOF shown in Table 1.2.4. Humanoids are 

beginning to approach this human capability, with ASIMO being the closest. As Table 1.2.4 

indicates, most robots included one DOF in the waist, which was typically the yaw or torso 

rotation. Six DOF in the legs are required to generate three-dimensional human-like walking: hip 

yaw, pitch, and roll (i.e., rotation, flexion/extension, and abduction/adduction), knee pitch (i.e., 

flexion/extension), and ankle pitch and roll (i.e., dorsiflexion/plantar flexion and 

inversion/eversion; Chevallereau et al., 2009, p. 49). All but seven of the robots had six DOF in 

the leg, with CHARLI-L being the only system incorporating five DOF. The other six robots had 

seven DOF, each including an additional toe joint. 

The maximum speed of the robots clearly lags behind the fastest human, defined here as 

the average speed of the world record 100 m dash. In 2009, Usain Bolt set the world record by 

completing a 100 m dash in 9.58 seconds (USA Track & Field, 2012). Max speed was reported 

in only 13 of the groups. It is assumed that several of the robots without reported speeds would 

be significantly lower than the 2.5 km/h, but this could not be confirmed without empirical 

evidence. 

  



 21 

1.2.3.1 Trends in Series of Robots 
 

 

Figure 1.2.5. Robot weight by year. Data from before 2006, which was not included in 

Table 1.2.2, is cited in Appendix C. 

As Figure 1.2.5 demonstrates, the weight of each surveyed robot increased in the second 

iteration, and in three of the four systems the weight of the newest robot was lower than the 

previous iteration. These changes correspond to each robot increasing in height (see Figure 

1.2.6), and the DOF increasing in all the systems except for Mahru from the first to the second 

iterations (Figure 1.2.8).  
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Figure 1.2.6. Robot height by year. Data from before 2006, which was not included in Table 

1.2.2, is cited in Appendix C. 

 

Figure 1.2.7. Robot max speed by year. Maximum speed of the robot was considered the 

fastest walking or running speed reported. Data from before 2006, which was not included 

in Table 1.2.2, is cited in Appendix C. 
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Figure 1.2.8. Robot total DOF by year. Total DOF refers to the DOF of the entire body – 

the legs, torso, arms, head, and hands. Data from before 2006, which was not included in 

Table 1.2.2, is cited in Appendix C. 

 

Figure 1.2.9. Robot leg DOF by year. Data from before 2006, which was not included in 

Table 1.2.2, is cited in Appendix C. 
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The preceding plots show that few definitive trends exist in the development of these 

humanoids (Figure 1.2.5, Figure 1.2.6, Figure 1.2.7, Figure 1.2.8 and Figure 1.2.9). ASIMO 

showed by far the greatest increases in both speed and total DOF (Figure 1.2.7 and Figure 1.2.8). 

Perhaps the most interesting trend shows that walking speed did not increase greatly for three of 

the systems, and that HRP actually decreased its walking speed (Figure 1.2.7). This trend is most 

likely due to the humanoids’ end goal; thus, with “Assistance” cited as the primary purpose, 

achieving running would likely not be a critical capability for performing common human tasks. 

Consequently, the focus may have instead shifted towards higher dexterity and stability. The 

DOF in the leg remained at six for all the systems, as was the general trend shown in Table 1.2.4. 

It should be noted that although the systems exhibited an increase in overall DOF and therefore 

full system complexity, none changed the number of actuators in the legs (see Figure 1.2.8 and 

Figure 1.2.9, respectively). This implies that most of the dramatic near-future developments for 

walking are unlikely to involve system architecture; instead the focus is on the new 

computational algorithms and software. 

1.2.4 Trends in Joint Design 

1.2.4.1 Lower Back (Waist) 
Bipedal locomotion is possible without movement in the waist; however, the survey 

illustrates that the majority of full-sized humanoid robots contain at least one or more DOF in 

their waist (Table 1.2.3). When discussing the waist DOF there are only three possible degrees 

than can occur: roll, pitch, and yaw. Few humanoids feature all three of these degrees, although 

they do exist in some systems (e.g., CB, COMAN, and KBHR).  

Implementing a waist into a humanoid design can assist in achieving increased 

anthropomorphism and humanoid functionality. This enables humanoids to bend at their waist 

when standing up from a seated position, or to twist their waist during a fast walk. A waist also 

allows for heightened abilities with regards to upper body mobility, enabling the humanoid to 

interact with its surroundings while leaving its legs in a fixed position. According to Ogura et al. 

(2006), the designers of WABIAN-2R, the movement of the torso is used to compensate for 

position errors during grasping or making contact with other surfaces. WABIAN-2R has a 2-

DOF waist and 2-DOF trunk; the waist consists of a roll and yaw joint and the trunk including a 
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pitch and roll joint assembled over the waist. The trunk motions are used to maintain its balance 

when walking to compensate for the ZMP. In addition to the WABIAN-2R, humanoids such as 

ASIMO, HRP-4, HUBO 2, and MAHRU-Z are all examples of robots with DOF in their waist. 

1.2.4.2 Hip Trends 
Chevallereau et al. (2009) state that the human hip is a ball-and-socket joint and has three 

DOF, as was mentioned above. One hip architecture is often referred to as the “cantilever beam” 

structure, which has the yaw rotation offset from the center of the leg (see Figure 1.2.10). HRP-3 

and COMAN feature this design. In general, this seems to be an architecture that is fading from 

popular use. More common is the in-line hip design, where all three DOF of the hip align with 

the leg center, which is also seen in Figure 1.2.10. KBHR, WABIAN-2, HUBO 2, and HRP-4 all 

use in-line hips, among others. DLR, which designed their leg based off a previously developed 

robotic arm, used a very unique design featuring two yaw degrees and a pitch degree (Ott et al., 

2010). Although the order of the DOF varied, the survey shows that all of the biped robots that 

have been developed have three hip DOF. 

  
Figure 1.2.10. Examples of hip joint designs. The left shows a cantilever beam architecture 

while the right shows an in-line architecture.  
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1.2.4.3 Knee Trends 
Although the human has two DOF (Chaffin et al., 1999), the ROM of the medial/lateral 

rotation is relatively small and is typically assumed not to be necessary for robotic walking 

(Chevallereau et al., 2009). Human knees also cannot be defined by a fixed single axis relative to 

the other joint segments, but rather have a various radius of curvature during pitch; however, this 

again is not necessary for humanoid robots (Chevallereau et al., 2009). All of the researched 

humanoids for which data was collected have the single pitch DOF in the knee with a fixed axis. 

1.2.4.4 Foot and Ankle Trends 
The ankle has both a pitch (dorsiflexion/plantar flexion) and roll (inversion/eversion) 

DOF. Chevallereau et al. (2009) state that the ankle roll is critical to be used in conjunction with 

the hip roll to move the ZMP smoothly in the lateral direction during walking. The survey 

showed that all the humanoids include both ankle DOF except CHARLI-L, which did not 

include roll. Humans also use the toes to push off and perform the toe-off, heel-strike walking 

motion. However, only six of the robots in the survey include a toe joint, and all of these have 

total seven DOF in the leg, as seen in Table 1.2.3. 

1.2.4.5 Walking/Running Capabilities 
Though ASIMO is able to reach an incredible running speed of 9km/h, humanoid 

ambulation still seems to lack human-like characteristics. The majority of humanoids walk with a 

bent knee due to mechanical or algorithm limitations. WABIAN-2R is one of the few that is able 

to walk with straight legs. Also, as mentioned in the previous section, humanoids lack the ability 

to mimic the toe mechanism produced in human ambulation. This is one of the reasons that most 

of the robots pick their feet straight up to walk, rather than perform the toe-off, heel strike 

motion of humans which may save a significant amount of energy. Overall, many humanoids are 

capable of walking and a few can run, but much work is needed to achieve efficiencies 

accomplished by human ambulation. 

1.2.5 Analysis of Survey Data 

One method that was used to analyze the data was the Body Mass Index (BMI), which is 

a metric developed by the National Institutes of Health (1998) to assess human weight and levels 

of obesity. BMI is a ratio of the mass to the height squared using SI units, and the same method 
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was used to find the BMI for the robots. NIH has developed five classes, as shown in Figure 

1.2.11, to categorize the relative health risks. Although a BMI between 25-29.9 is classified as 

Overweight, 32.6% (National Institutes of Health, 1998, p. 8, 10) of Americans between ages 20-

80 were in this classification. 

 

Figure 1.2.11. BMI by year. The two outliers were CHARLI-L and CHARLI-2 with a BMI 

of 6.2 in 2010 and 6.1 in 2011, respectively. Data from before 2006, which was not included 

in Table 1.2.2, is cited in Appendix C. 

BMI was used as an analysis parameter because it is a ratio of weight that normalizes the 

size of the robots and can be easily compared to the large amounts of human data available. 

Interestingly, almost half of the robots were also in the Overweight category, and over two-thirds 

of the robots had a BMI between 22.5-30. As the robot becomes taller, the actuators will need to 

be stronger to lift heavier limbs and to handle centers of masses that will be further away from 

the joint. Because most groups used similar actuators, which are among the heaviest components, 

and are of relatively similar heights, it is logical that the normalized size of the robots would be 
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similar. CHARLI-L and CHARLI-2 use small robot servomotors which are very light and 

therefore have the lower BMI. 

 

Figure 1.2.12. Body Mass Index vs. Max Speed. The divisions were determined by the 

National Institutes of Health (1998). The maximum speed was plotted as zero if the actual 

value was not reported to show the trend in BMI. Data from before 2006, which was not 

included in Table 1.2.2, is cited in Appendix C. 

The max speed of the robots does not seem to be connected to the BMI since all but two 

of the robots that reported a max speed were within one standard deviation of the mean speed, 

yet 7/23 robots were more than one standard deviation from the BMI mean. This can be seen in 

Figure 1.2.12. 
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Figure 1.2.13. Body Mass Index (BMI) by year. Data from before 2006, which was not 

included in Table 1.2.2, is cited in Appendix C. 

Looking at how the series of robots evolved in terms of BMI shows a definitive 

downward trend. As the researchers understand better the needs and limitations of their designs, 

it is safe to assume that they are doing a better job in optimizing and reducing the weight. 

Computational technology also continues to get smaller and lighter, so the amount of weight for 

on-board computing will continue to decrease for the same processing power. HRP-4 is the only 

robot not close to the Overweight range since 2006. Perhaps the most impressive robot is 

ASIMO, which has a BMI similar to other robots, but is able to run at 9 km/h, as seen in Figure 

1.2.12. 
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Figure 1.2.14. DOF/ BMI by year. Data from before 2006, which was not included in Table 

1.2.2, is cited in Appendix C. 

Since DOF is one parameter that indicates capability, seeing that the ratio of DOF/BMI 

by year in Figure 1.2.14 is fairly consistent shows that robots tend to have about the same 

capability for a specific size robot. 
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Figure 1.2.15. DOF/BMI by year for robot series. Data from before 2006, which was not 

included in Table 1.2.2, is cited in Appendix C. 

Plotting the DOF/BMI ratio for the series of robots shows a much clearer trend than the 

group as a whole, presumably because the weight of robots tends to decrease as number of 

iterations increases and capability follows an inverse relationship. However, it is interesting that 

the DOF is increasing faster than the BMI is decreasing. More DOF typically means more 

actuators to create the motion, and of course more actuators mean more weight. With the same 

types of actuators being used, weight can only be decreased so low. Additionally, since none of 

these systems changed the DOF in the legs and the leg actuators tend to perform the primary load 

bearing, it is safe to assume that the increase in DOF is primarily due to increases in arm or hand 

motions. 
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1.2.6 Suggestions for Future Data Reporting 

Throughout the process of producing the survey, a strong trend of inconsistency in 

information published was found for the humanoid robots. One of the biggest holes was left by 

the exclusion of Petman by Boston Dynamics, which has a plethora of videos online but very 

little information officially published. Only the purpose of the system was available on the 

company website, despite reports that the robot has one of the top speeds at over 7 km/h (Boston 

Dynamics, 2012). The lack of accessible information makes future developments in the field 

more difficult. If the following information was included by all groups, it would be easier for 

others to understand and advance bipedal robots. 

1. Robot name 

2. Developer 

3. Date of first release 

4. Release date 

5. Names and date of previous robots in series with a clear explanation of the 

differences between the previous and current prototype 

6. Purpose of robot (i.e. military, assistance, industrial, medical, social) 

7. Weight and height of whole humanoid 

8. Weight and length of humanoid with of individual body segments (foot, leg, arm, 

torso, head) 

9. Total DOF with diagram illustrating each DOF 

10. Range of motion, max torque, and angular velocity for each DOF (theoretical and/or 

experimental) 

11. Walking and running speed 

12. Actuation and gear type and model (DC brushless/brushed motors, hydraulics, and 

electric) 

13. Force and torque sensor locations 

14. Type of controllers 

15. Balancing method (ZMP, torque control) 

16. Compliance components included 

17. Power source, type of battery, and battery life 
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18. Composition material 

19. Unique physical and task performing capabilities as well as special features for upper 

body and lower body 

1.2.7 Survey Conclusions 

Using the previous survey data, several conclusions can be drawn about the status of 

humanoid bipedal robotics. Asia has remained the world leader in development of humanoid 

robots, both in number and in having the robot with the highest DOF and running speed. The 

complexity of the robots has continued to rise with the increase in DOF, as robots are continuing 

to strive towards matching human capability. Since the DOF in the leg has remained consistent 

over time and most robots use the same arrangement, advances in hardware besides a decrease in 

weight have not been the major factors in moving the field forward. The relative size of 

humanoids seems to change with iterations by the same researchers, but most robots remain 

around the same level. Walking speed seems to either be a metric that is not being focused on or 

a problem that has not been largely solved by the majority of researchers. A major breakthrough 

for bipeds may come if the toe joint of several systems can be better used to mimic the walking 

gait of humans. Finally, this survey shows that while the number of biped robots worldwide 

remains relatively small, the groups working in the field are distributed across the globe, and 

they are continuing to develop new designs to drive the field of humanoid robotics closer to the 

goal of integration into our daily lives. 

1.2.8 Discussion of Future Biped Trends 

To analyze the issues facing researchers, the goal must be kept in mind. Since most of 

these robots want to use the legs to walk in human environments, vast increases in speed over 

today’s systems are not necessary for most of these tasks. So long as robots are able to walk 

around a home or office and maintain balance, most of the human world is accessible to them. 

The majority of the tasks that people perform don’t require running or carrying extremely heavy 

loads. For this reason, it seems appropriate to expect that algorithm over hardware development 

will be the driving force for future advancement. 
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The field of bipedal humanoids is broad and global, but advances in technology and 

software throughout the coming years will enable systems to move towards human capability. 

Current actuators and gears are expensive, which is one factor leading to the small number of 

groups developing large humanoids. Perhaps the greatest current technological challenge exists 

in battery capacity. Walking bears the weight of the whole robot and therefore requires 

significant energy, and robots will always be limited in capability as long as they are tethered or 

have short battery life. Computational technology continues to advance at an extremely high rate 

and with it the ability to process increasingly complex algorithms. The development of software 

with more efficient walking gaits will also increase battery life. New actuators including 

piezoeletrics, shape memory alloys, and electroactive polymers among other technologies still 

need considerable advances until they will be able to match the torque output of more 

conventional components, so the foreseeable future is likely to focus around more optimized, 

custom electric motors and hydraulics (and potentially pneumatics). 
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Chapter 2  

Mechanical Design of the Legs 
The mechanical design of the leg was focused on developing a pair of robotic legs that 

would match the size of a male who is 183 cm (6 feet) tall. A priority was placed upon the 

reduction of cost by using conventional gear drives and reducing the overall complexity. Legs in 

many of the humanoids previously mentioned have been developed over several years of 

research and are based upon a common drive mechanism. Thus, there was an attempt made in 

this chapter to take a new route in the design because if a lower cost leg system could be 

developed, it would have a greater chance of being commercialized for social applications. Three 

generations of designs for the leg were developed, and the final version is described here in 

detail. 

2.1 Human Data Research 

With the primary goal to develop biomimetic legs, human parameters were first identified 

through a literature survey. The most important metrics were the size, range of motion (ROM), 

maximum torques, and maximum velocities of each segment or joint. The goal was to match the 

size to human segment length while attempting to minimize the radial width. Human length, 

weight, and ROM were well documented and established, as large studies are relatively simple to 

conduct and clear trends have been established in literature. The torques and velocities are much 

more difficult parameters to establish because of the nonlinear behavior of muscles and variation 

in human performance. To establish the baseline values for these two parameters, data was 

researched from both in biomechanics literature on human motion and from the Wabian 2-LL, 

one of the very few humanoids for which the information on velocity and torque has been 

reported. 
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2.1.1 Human Size and ROM 
The size of each segment was established using data from Roebuck, Kroemer, and 

Thomson (1975). The size was based upon the previously mentioned 183 cm overall height for 

the whole robot. Figure 2.1.1 shows the data that was used as a basis. 

 

Figure 2.1.1. Leg segment lengths normalized to overall height, H. Segment lengths were 

adapted from (Roebuck, Kroemer, & Thomson, 1975). 

These trends were then used to derive the segment lengths to achieve the desired robot height. 

These lengths are shown in Table 2.1.1 below. 

Table 2.1.1. Design goals for the robotic leg segment lengths 

Segment Segment Percent of Height Segment Length (cm/ in) 

Total Height 100 183.0/ 72 

Ground to Hip 53 97/ 38.2 

Thigh 24.5 44.8/ 17.6 

Shank 24.6 45.0/ 17.7 

Foot (ground to ankle) 3.9 7.1/  2.8 
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Human range of motion found in literature is summarized in Table 2.1.2. Extension/ 

flexion, abduction/ adduction or eversion/ inversion, and rotation are the same as pitch, roll, and 

yaw, respectively. Numerous methods have been used in literature to quantify the ROM, and 

therefore direct comparison among the reports is difficult. The data from Table 2.1.2 was used as 

a guide to select the desired range for the leg design. 

Table 2.1.2. Typical leg joint ROM of males 30-40 years of age (Roass & Andersson, 1982) 

Joint Motion ROM (degrees) 
Hip Extension 9.4 
  Flexion 120.3 
  Abduction 38.8 
  Adduction 30.5 
  Internal Rotation 32.6 
  External Rotation 33.6 
Knee Extension -1.6 
  Flexion 143.8 
Ankle Dorsiflexion 15.3 
  Plantar flexion 39.7 
  Eversion 27.6 
  Inversion 27.7 

2.1.2 Human Joint Torques and Velocities 

When considering the typical torques and velocities that humans are able to produce at 

each joint, it is important to note the difference in actuation methods between muscles and 

motors. DC motors display a linear relationship between torque and current and between velocity 

and voltage. They will output the same amount of power regardless of position. Conversely, a 

muscle outputs the most force when it is in the middle of its deformation and decreases as it 

approaches both its maximum and minimum lengths. Passive tendons and ligaments also apply 

force when the muscle moves past its middle length, which increases the output force and 

efficiency since no outside energy is required. Muscles also output more force when they move 

quickly, and they output significantly more force when they are resisting lengthening than when 

they are actively shortening (Chaffin et al., 1999). This is further complicated by the fact that 

more than one muscle acts on a joint at a time. Because of all these factors, establishing an 
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analogous set of torques and velocities is difficult, however, human data can be used to 

understand general trends in joint dynamic parameters. 

Since the goal of the system was to produce a robot capable of walking, the joint torques 

and velocities from biomechanics studies on ambulation were researched. A study on modeling 

of human walking was used to generate the joint torques that humans produce during walking 

(Besier, Sturnieks, Alderson, & Lloyd, 2003). Since the torque was normalized to body mass, 70 

kg was used as an estimator for the data in Figure 2.1.2. Additionally, joint torque and velocity 

data from the humanoid robot Wabian 2-LL was also considered. Comparison with another robot 

offers an interesting perspective, as humans may walk differently than robotic legs. It is 

worthwhile to note here that Wabian 2-LL was designed for a humanoid which was 150 cm tall 

and had weight of 50 kg, both of which are lower than the desired parameters for the proposed 

design (Ogura, Aikawa, Lim, & Takanishi, 2004). However, Wabian is a very advanced 

humanoid that has been under development for many years, so learning from its design 

parameters was considered as a good exercise. 

 
Figure 2.1.2. Typical max joint torques during walking as reported in (Besier et al., 2003) 

and the maximum torques of the humanoid Wabian 2-LL (Ogura, Aikawa, Lim, & 

Takanishi, 2004). The human values were normalized to total mass and 70 kg was used in 

the calculation for comparison in this figure. 
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Joint velocity was more difficult to quantify when considering human walking because it 

is more dependent upon walking speed. From the findings in Chapter 1, most humanoid robots 

walk very slowly, with the vast majority under 2 km/h and several under 1 km/h. Walking at the 

speed of 0.5 km/h would require much lower joint velocities than a typical human walk or that of 

Wabian’s top speed, which was 1.8 km/h (Ogura et. al, 2006) (although this speed was for 

Wabian 2R, not 2LL for which the values were reported in Figure 2.1.2). To ensure that a robot 

capable of human-like movement could be achieved, the design was more focused on achieving 

high torque output and saving costs rather than matching the velocity of Wabian. 

2.2 Overall Design Concepts and Actuator Selection 

The design of the leg was divided into six sections, one for each DOF. Within each 

section, the actuator selection was performed concurrently with the design. Several components 

were standard parts, such as shafts, bushings and thrust bearings, to simplify the design and 

fabrication. Each shaft was a 12mm diameter keyed steel drive shaft and brass bushings were 

used with these shafts to reduce the friction. Both needle and ball thrust bearings were 

implemented, depending on the space available, to reduce the friction between parallel rotating 

faces. By using the same shaft throughout the design, one set of these accessory components was 

able to be used on the whole system. 

2.2.1 Actuator Selection 
The most important components to select were the actuators for the legs, as the rest of the 

structure is dependent upon their performance. The maximum actual output for the DC brushed 

motors was found by estimating the force output of the motor and associated gearing. Brushed 

motors would output high speeds and low torques, therefore significant gearing was necessary. 

Several options were available for gearing, with each having its own advantages in 

performance. Many of the robots surveyed in Chapter 1 used Harmonic Drive gear heads, which 

uses a flexible cup and an elliptical wave generator to achieve its gear reduction. These gears 

have several desirable qualities: large torque-to-weight ratio, high efficiency, large gear ratios, 

high available torque capacity, and very low backlash. The disadvantages of these gears are the 

limitation on mounting orientation which must be parallel to the axis-of-rotation of the input 
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shaft, the requirement for large diameter, and the high financial cost (Chevallereau et al., 2009). 

Planetary gear heads offer comparable efficiency and a decent torque-to-weight ratio, 

particularly for those made from ceramic materials. The backlash or the play between the motor 

output and the gear head shaft, for the planetary gear heads can be significantly higher than those 

of Harmonic Drive gears, partially due to the fact that the former typically has multiple 

compounding stages. However, the lower cost of planetary gears and the development of novel 

algorithms to mitigate the backlash issues (as discussed in Chapter 3) were sufficient reason to 

use them instead of Harmonic Drive gears. However, due to the high desired torque of each joint 

and the limitations on motor mounting due to the length of the motor and gear head, additional 

gearing external to the planetary gears was also considered to increase the maximum output 

torque and to change the direction of motion. 

Calculation was based on motor parameters specified by the manufacturer. The maximum 

continuous torque is the amount that motor can output consistently without damage. The peak 

safe output torque was assumed to be twice this amount, since peak loads during walking and 

balancing would be experienced for only a short period of time in most situations. The no-load 

speed of the motor is the highest speed the motor can achieve with the rated voltage without 

having to drive any external loads. However, the actual output from the actuator is dependent 

upon the loading that is applied because the motor is capable of lower top speeds with increased 

torque output. Equation 2.2.1 shows the formula used to calculate the motor torques, and 

Equations 2.2.2 and 2.2.3 show the equations used to calculate the motor velocity based on a 

given load. 

𝑇𝑜𝑢𝑡𝑝𝑢𝑡 =  𝑇𝑀𝐶 ∗ 𝐺𝐺ℎ ∗ 𝜀𝐺ℎ ∗ 𝐺𝐺𝑒 ∗ 𝜀𝐺𝑒 ∗ 𝐶𝑓𝑡 2.2.1 

 

𝑉𝐿 = 𝑇𝑐 ∗ 𝜏𝑚 2.2.2 

 

𝑉𝑜 =
(𝑉𝑁𝐿 − 𝑉𝐿)
𝐺_𝐺ℎ ∗ 𝐺_𝐺𝑒

 
2.2.3 

The maximum continuous torque is denoted as TMC, and the no-load speed is represented as 𝑉𝑁𝐿. 

The loss of maximum speed due to loading, motor speed / torque gradient, and motor torque are 

represented as 𝑉𝐿, 𝑇𝑐, and 𝜏𝑚 respectively. The efficiency and gear ratio of the gear heads are 
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𝐺𝐺ℎ and 𝜀𝐺ℎ respectively. For the external gearing after the gear head, the estimated efficiency is 

εGe and the gear ratio is denoted by GGe. The torque correction factor, 𝐶𝑓𝑡, was one if the 

continuous torque was used or two if double the torque was used representing  the conservative 

and aggressive calculations respectively.  

The difficulty in estimating the maximum velocity for a complex dynamic system such as 

a humanoid robot arises because segment geometry, walking pattern, and outside disturbances 

are unknown in the early design phases and dictate many of these decisions. Since the velocity 

and torque output of a DC motor are coupled, the decision was made to emphasize the torque 

over velocity in the actuator selection. In this early stage of system development, it was 

hypothesized that a system which was strong enough would still be able to move if its velocity 

was low, but if the actuators had too low of a torque then movement may not be achievable at all. 

The uncertainty of load conditions also made estimation of structural strength difficult so it was 

assumed that the structure would be overdesigned and therefore a bit heavier than optimally 

needed. The joint torques of Wabian were used as a benchmark to match or exceed for each 

joint, assuming that Wabian is capable of higher performance (faster speed) movement than this 

system will achieve and that its structure has been more optimized in weight. Achieving the 

desired magnitude of torque while maintaining enough speed for movement was one of the main 

criterion during the motor selection. 

The chosen actuators are shown in Table 2.2.1 for all the joints except ankle pitch. All 

were DC brushed motors manufactured by Maxon Motors. The motors for the knee and hip 

flexion were chosen to be the same to simplify the design. As such, this allowed the design of 

each joint to be very similar as well. The hip and ankle roll also used the same motors. 

Table 2.2.1. DC motors selected for design 

Function Motor Model, Series Continuous Torque (mNm) Nominal Speed (RPM) 

Hip Yaw 310007, RE-30 85 8050.0 

Hip Roll 148867, RE-40 177 6930.0 

Hip Pitch 370355, RE-50 418 5420.0 

Knee Pitch 370355, RE-50 418 5420.0 

Ankle Roll 148867, RE-40 177 6930.0 
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The gear heads were chosen with each of the motors to increase the output torque. The 

greatest limitation was the continuous output torque, which limits the drive output torque. The 

efficiency of planetary gears is reduced because multiple stages are required to reach the desired 

gear ratio. The same gear head for the knee and hip flexion was chosen. 

Table 2.2.2. Planetary gear heads selected for design 

Joint Gear Head 
Model, Series 

Continuous/ Max 
Torque (Nm) 

Gear Ratio Max. Efficiency 
(%) 

Hip Yaw 166937, GP-32C 3/ 3.75 28:1 75 

Hip Roll 203126 GP-52C 15/ 22 113:1 72 

Hip Pitch 110507, GP-62A 50/ 75 181:1 70 

Knee Pitch 110507, GP-62A 50/ 75 181:1 70 

Ankle Roll 223105, GP-52C 30/ 45 353:1 68 

The external gearing was necessary because of the limited output torque of the planetary gear 

heads. The worm gear was chosen because it is able to rotate the actuator’s direction of rotation 

by 90 degrees with a high gear ratio. Additionally, the motor had to be placed normal to the 

outside of the worm gear, while bevel gears require the motor to be normal to the center of 

rotation. This allowed easier mounting in the hip plate where space was limited. However, worm 

gears can be very inefficient, so a low efficiency was assumed. The bevel gears were more 

advantageous in the hip and knee flexion because they have a higher efficiency and the motor 

orientation was not as limiting. The motors in the hip and ankle roll were mounted parallel to the 

axis-of-rotation, and therefore spur gears were used to increase the torque. The efficiencies of the 

bevel and spur gears were both estimated for the calculation. 

Table 2.2.3. External gearing selected for design 

Joint Gear Type Gear Ratio 
Assumed 

Efficiency (%) Total Gear Ratio 

Hip Yaw Worm 30:1 50 840 
Hip Roll Spur 2.5:1 95 282.5 
Hip Pitch Bevel 2:1 90 362 

Knee Pitch Bevel 2:1 90 362 
Ankle Roll Spur 1:2 95 176.5 
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The ankle pitch was chosen to be driven by a linear actuator to avoid a third large bevel 

gear system. The Digit actuator from UltraMotion Inc. was found to have adequate performance, 

but was driven by a HT23-401 model stepper motor from Applied Motion Products. The motor 

was connected to a ball screw to change the motion from rotary to linear with a maximum force 

output of 1744 N at 12.7 cm/s. Although the speed of stepper motor is more difficult to be 

controlled than a DC brushed motor, it also has greater holding torque. The linear actuator was 

attached normal to a 63.5 mm moment arm when the foot is normal to the shank so that the 

maximum torque is achieved at this angle. Using this configuration creates a nonlinear torque 

output due to the change in effective moment arm length as the joint rotates. However, the 

change is less than 10 degrees and its affect was therefore determined to be small enough such 

that the linear actuator would still be able to generate enough torque when the moment arm is 

reduced. 

 

Figure 2.2.1. Linear actuator model. The ankle is nominally at 90 degrees to the shank, and 

the relative change of actuator angle is small at both extremes of its movement because the 

top connection of the linear actuator is very short compared to the length of the actuator. 
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The maximum theoretical torques and velocities for the actuator at each joint is summarized 

below in Table 2.2.4. The maximum velocity for two load cases are also shown, one for the no-

load case which is the peak velocity that the motor can achieve and one in which the 

manufacturer specified maximum continuous torque is applied. The linear actuator was designed 

not to exceed its peak operating speed, so the ankle pitch velocity was same in both cases. These 

values are also compared to the previously discussed human and Wabian data in Figure 2.2.2 and 

Figure 2.2.3.  

Table 2.2.4. Calculated theoretical speeds and torques for each joint 

Joint 

Conservative 

Max Torque 

Output (Nm) 

Aggressive 

Max Torque 

Output (Nm) 

Max Velocity 

Output, No 

Load (deg/s) 

Max Velocity 

Output, Continuous 

Torque (deg/s) 

Hip Yaw 27 54 63 58 

Hip Roll 32 64 162 149 

Hip Pitch 95 191 94 90 

Knee Pitch 95 191 94 90 

Ankle Pitch 73 111 143 143 

Ankle Roll 20 42 259 239 
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Figure 2.2.2. Maximum joint torques. The human torques were highest during the walking 

test (Besier et al., 2003) while the Wabian's values were found from (Ogura, Aikawa, Lim, 

& Takanishi, 2004). 

The chosen actuators compare well with both the human data and the specifications of 

Wabian. The conservative torque estimate was greater than the human data for each joint except 

the hip, where it was slightly lower. The aggressive estimates exceeded Wabian’s torque range as 

well, at all the joints except the hip roll and ankle roll. The knee motion clearly has the highest 

torque capability in Wabian although the human data shows it has one of the lesser torque 

values. This is likely due to the fact that humanoid robots tend to keep the knee bent to avoid 

singularity (Ogura et. al, 2006), while humans use passive dynamics and locking of the knee 

when straight during walking to reduce the amount of energy (torque) required during walking 

(Chevallereau et al., 2009). 
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Figure 2.2.3. Maximum joint velocities. Wabian's values were found from (Ogura, Aikawa, 

Lim, & Takanishi,, 2004). 

The velocity performance of the actuators did not compare nearly as well to the data from 

Wabian. The greatest discrepancy was at the hip yaw joint, where the chosen actuators could 

only achieve 63 degrees / second and Wabian can achieve 386 degrees/ second. However, in this 

early phase of the leg development, hip rotation was decided not to be used for simple balancing 

and walking so the difference was not seen as an issue. The bigger potential issue was the speed 

of the hip roll and pitch. However, since the intent was to use the same actuator for both joints, 

and the torque at the knee rotation was not excessively greater than that of Wabian, the speed 

was found to be acceptable. It should be mentioned here that the method by which the maximum 

values of Wabian were calculated was not discussed by the authors in the literature. The rated 

power of each of the motors chosen in this study exceeded the power of corresponding motor in 

Wabian by at least 50% for all the joints except the knee, where the chosen motor has a 33% 

higher rated power. Without knowing the method used to derive the maximum values for 

Wabian, the comparative analysis could not be conclusive. However, knowing that the actuator 

will be strong enough was a good foundation for designing the remainder of the legs. 
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2.3 Hip Plate Design 
At the top of the legs, the hip plate serves as the foundation of the whole assembly. It 

connects the two legs, serves as the connection point for an upper body, and houses the hip 

rotation motors and gears. A slew gear, which is a type of turntable that has a high load capacity 

in the axial direction about which the gear rotates, was used to connect the leg to the hip plate as 

shown in Figure 2.2.5. Atop the slew gear was a mounting plate and then a worm gear. 

Connecting to the worm gear is a worm, which is driven by a DC brushed motor. The worm gear 

system has the motion normal to the rotation of the motor. Supports on the front and back of the 

motor and gear are used to stabilize the motor. The front support is attached with screws to the 

gear head face, but the back support slides on the motor and only makes contact radially with the 

motor housing. Figure 2.2.4 shows the design of the hip plate and yaw rotation assembly. 

 

Figure 2.2.4. Design of the hip plate. The worm gear system rotates 90 degrees into the yaw 

direction for hip motion. Although the slew gears have teeth around the outside, they were 

not used for actuation as the outside was rigidly connected to the hip plate. 
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Figure 2.2.5. The slew gear used in the hip rotation. The lower section extends through the 

hip plate and connects to the upper hip. 

Yaw rotation at the hip was concluded to be the least important for initial testing, and 

therefore the joint was locked in place to simplify the control. An “X” shaped piece was used to 

hold the two pieces of the slew gear together when the gear was not in place as shown in Figure 

2.2.6. 

 

upper section lower section 
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Figure 2.2.6. The hip rotation locking mechanism. 

2.4 Upper Hip Design 
Second section of the leg was the upper hip, which connects to the bottom of the slew 

gear and consists of the hip abduction motor inside a housing and the spur gears. Front and back 

views of the upper hip can be seen in Figure 2.2.7 and Figure 2.2.8. The motor has a spur gear 

with a key hole mounted to its output shaft, and the large spur gear is rigidly bolted to the lower 

hip structure. Thrust bearings were used between the upper and lower hip structures to reduce 

friction. Because the gear head has a larger diameter than the motor, an aluminum sleeve was 

bolted on the upper hip structure to support the motor, as shown in Figure 2.2.8. Mechanical 

stops were implemented to allow the motor to safely operate without damaging critical 

components. 

locking mechanism 
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Figure 2.2.7. Back view of the upper and lower segment from the hip. The turning of the 

big gear causes the lower hip segment to rotate as well, creating abduction and adduction 

of the hip. The upper hip structure acts as a mechanical stop. 

upper hip segment 

abduction actuator 

small abduction 
spur gear 

large abduction 
spur gear 

lower hip segment 

contact point of 
mechanical stop 

abduction shaft 

holes for gear 
mounting 



 51 

 

Figure 2.2.8. Front view of the total hip assembly. In this position, the adduction is in its 

extreme position and cannot go any further. 

2.5 Lower Hip and Thigh Design 
The lower hip section attaches on a shaft to the upper hip and is rotated to perform the 

roll motion of the hip. Contained within the section are the bevel gear assemblies that allow the 

hip to flex or pitch. Because the human hip has all three DOF at one socket joint, a goal was to 

minimize the distance between the abduction and flexion shafts as much as the design would 

allow. The bevel gear without a hub was rigidly bolted to the lower hip structure. The gear was 

tapped to allow simple assembly, and one of the spacers was keyed to rigidly connect the shaft to 

the gear for use with the potentiometers for position feedback. 
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The joints for the knee and hip flexion were designed similarly, since the same gear heads 

and bevel gears were used. In the hip, the gear which is mounted to the upper hip structure 

remains stationary while the pinion gear causes the leg to rotate around it. The second bevel gear 

spins freely and is used to apply an opposing force to the pinion gear so as to avoid bending the 

gear head shaft. Thrust bearings separate all the moving surfaces. 

 

Figure 2.2.9. The bevel-pinion gear setup that drives flexion and extension of the hip are 

shown here. The gear that has a removed hub spins freely, while the gear with the hub is 

bolted to the lower hip segment. When actuated the thigh assembly will rotate relative to 

the lower hip segment. 
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The thigh section houses the motors for both the hip and knee flexion joints. Brackets 

connect the side plates together and hold the motors in place. A bracket was placed on the front 

of each motor, and a second bracket was seated around the motor at the back of the gear head. 

Cutouts were made into the side plates to eliminate weight and allow locations for mounting 

electronics and wiring.  

 

Figure 2.2.10. Thigh assembly. The side plates were contoured to be narrow near the top to 

avoid limiting the ROM and to give a human-like appearance. This figure shows the front 

of the leg on the right of the image. 
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Figure 2.2.11. Hip and knee flexion motor with brackets. A pair of brackets was used to 

provide adequate strength. While the front bracket was held in place with four screws into 

the face of the gear head, the back bracket was not rigidly connected to the actuator but 

was held in place by sliding around the motor and by connecting to the side plates. 

2.6 Knee Design 
The knee joint used the same double bevel gear arrangement as the hip flexion, but the 

rest of the structure varied as shown in Figure 2.2.13. One bevel gear was rigidly connected the 

inner knee structure to drive the lower leg while the other again spun freely. A central support 

between the bevel gears, shown in Figure 2.2.12, made from aluminum was used to add support 

to the knee structure and was also keyed to the shaft for use with the potentiometer. A pair of 
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bolts through the each side plate was used as the mechanical stops to limit the range of motion 

and avoid self-damage. The human knee is also locked when straight, so these bolts were 

important to allow the leg to “lean” on the structure. On the bottom of the knee structure a 

prosthetic pyramid adapter was mounted to allow for the pylon in the lower leg to be connected, 

as will be further discussed in the next section. 

 

 

Figure 2.2.12. The inner knee structure was composed of four components- the two-piece 

aluminum central support, the outer support, and the pyramid adapter. 
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Figure 2.2.13. Knee joint from the front. The middle support and the outside support share 

the load bearing of the lower leg. The bolts run from the right side of the outside support 

through the spacers into the right bevel gear. 

2.7 Lower Leg and Ankle Design 
As previously mentioned, the lower leg was designed using a pylon structure, which was 

inspired by prosthetic legs currently in use. This design used a central aluminum tube to reduce 

weight and prosthetic connectors that allowed the legs to be taken apart quickly. By removing 

the two screws from the linear actuator beams, the horizontal screw from the pylon connector, 

the whole lower leg can be removed. The pyramid connector, which is the top piece in Figure 

2.2.14, has a four-sided central pyramid that is inserted into the pylon adapter. The four screws 

on the adapter are tightened onto the pyramid, and in prosthetics the amount each screw is 

tightened can be used to adjust the relative angle of the pylon to the pyramid adapter. However, 

these adapters were chosen because they allow quick connection. A single screw running normal 
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to the pylon was used to tighten the adapter onto the pylon. This assembly was used to connect 

the lower leg to both the knee and the upper ankle. 

 

Figure 2.2.14. Pylon connection to pyramid adapter. The four holes in the pyramid 

adapter, the top piece above, are used to connect the pylon to the joint. The four holes in 

the pylon adapter, the middle piece above, tighten on the pyramid faces. The single bolt 

tightens the pylon adapter to the pylon. 

The linear actuator, which drives the ankle pitch, was attached to the pylon and the outer 

knee structure. Two aluminum beams connect to the knee structure using an M8 screw each, as 

shown in Figure 2.2.15. A 12 mm shaft runs horizontally between the beams, with thrust 

bearings and a rod end between them. The rod end connects to the back of the linear actuator and 

is locked in place with a nut. Shaft collars on each end secure the whole assembly.  
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Figure 2.2.15. Linear actuator attachment as seen from below. Although each beam is only 

held in place by one screw, the tight fit on the shaft keeps the beams parallel. 

The pylon was sized so that when the foot was normal to the pylon, the linear actuator 

would be parallel to the pylon and extended in the middle of its stroke so that it could achieve its 

full range of motion, which was +/- 45 degrees. As previously mentioned, since the moment arm 

was longest when the linear actuator was in this position, this was also its position of greatest 

torque output. 
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Figure 2.2.16. Lower leg and linear actuator. The ankle structure was designed so that a 

hard stop would be reached before the linear actuator reached its limit in either direction. 

The bottom of the pylon connected to the upper ankle structure, which has cut-outs on the 

side to reduce the weight. The center ankle structure was connected by a 12 mm shaft. The linear 

actuator had a rod end that connected it to a stainless steel shaft running through the back of the 

center structure. Spacers on the shaft prevent lateral movement of the rod end, and the center box 

also features cut outs. The upper structure was designed so that the center structure will make 

contact with it before the linear actuator reaches its limits, therefore protecting the actuator by 

acting as a mechanical stop. 
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Figure 2.2.17. Upper ankle assembly. Using a linear actuator allowed the ankle to be 

minimized in vertical height, since the motor is connected by just a simple pin joint. Many 

of the robots seen in the survey in Chapter 1 had large ankles that lacked human 

appearance, and this design also allowed the ankle to be more similar to human anatomy. 

 

2.8 Lower Ankle and Foot Design 
The lower ankle assembly consists of the actuator, gearing, and structure for the roll of 

the ankle. The center structure has a spacer mounted on the front, which is held in place with two 

M6 screws, as shown in Figure 2.2.18. The small ankle gear was rigidly connected to the 

threaded holes in the spacer by four M5 screws. The gear head selected for the motor, as 

mentioned earlier, was used in an early design of the leg and had a gear ratio of 353:1, which 
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would not provide enough velocity at the joint. Therefore the external gears have a 1:2 ratio to 

increase the joint speed. To reduce the bending load on the gear head output shaft, a ring was 

designed to keep the larger gear from pushing away from the smaller gear, as shown in Figure 

2.2.19. The motor and gear head were held in place by the foot structures, which were similar to 

the thigh motor brackets, and were held against the side of the gear head by the center ankle 

structure. Shaft collars hold the shaft in place from horizontal loads. Two screws hold each foot 

structure to the footplates using M5 screws. 

 

 

Figure 2.2.18. Lower ankle assembly. The ankle roll motor rotates the whole foot around 

the smaller spur gear when actuated. The gears are on the front side of the foot. 
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Figure 2.2.19. Ring to reduce the gear head shaft loading. The ring goes around the outside 

of the large gear hub and the spacer on the smaller gear shaft. 

To simplify the balancing during initial testing, a large foot was designed to increase the 

base of support. Cut outs were again used to reduce weight, as shown in Figure 2.2.20. The force 

sensors were mounted on the feet, and a total of seven locations on each foot were created for 

mounting, which allowed for two sensors in the front of the foot in two different locations and 

either one or two sensors on the back of the foot. This would allow different sensor 

configurations to be tested to determine which configuration would provide the best data for the 
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zero moment point. Figure 2.2.21 shows the bracket that was attached to each sensor and the 

spacers between the bracket and the foot plates. A screw makes contact with the sensor and 

passes through the three layers of the foot plates, so that the only part of the foot that should be 

touching the ground at any time are the screws. This allows all the force to be transmitted into 

the screw and read by the sensors, which will be further discussed in Chapter 3. 

 

Figure 2.2.20. Foot with force sensors. This figure shows two sensors mounted on the front 

of the foot at the position further from the center of the foot. Moving them to the closer 

position would reduce the effective size of the foot, since the foot only contacts the ground 

at the sensor locations. 
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Figure 2.2.21. Sensor assembly. Each sensor has two screws that pass through the bracket 

into the sensor. The three layers of the foot plate keep the screw contacting the sensor from 

falling out when the foot is lifted off the ground, since the bottom hole is just large enough 

for the screw threads to pass through. 

2.9 Overall Design Results 
The final design achieved the goal of developing a pair of robotic legs with a human-like 

appearance and capability for a minimal cost. The completed design is shown in Figure 2.2.22 

through Figure 2.2.28.  
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Figure 2.2.22. Final design from the front standing next to person with height of 183 cm. 

The axis of the hip pitch joint is aligned with the same axis of the person.  
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Figure 2.2.23. Final design from behind and from the left side. The electronics can be seen 

mounted to the outside of the hip plate on the right. 
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Figure 2.2.24. Hip plate from above. The locking structures were installed to keep the hip 

from moving during early development, so the rotation motors are not in place. 
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Figure 2.2.25. Hip joint from the front. 
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Figure 2.2.26. Left side plate with DC motor controllers installed. 
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Figure 2.2.27. Foot and ankle from the front. The force sensors are installed in the position 

furthest from the center of the foot. 
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Figure 2.2.28. Foot and ankle from the right side. 

The overall height is 94.2 cm from the bottom of the foot to the axis of the hip pitch. The 

length of each system segment was similar to that of a human, with the ankle being taller to 

accommodate the roll actuator and the thigh being smaller to most closely match the overall hip 

height. The weight of the full system (excluding the electronics which are relatively light) was 

44.3 kg. Table 2.2.5 shows the mass of each of the actuation components (motors and gears), 

which make up approximately 38% of the total system weight. The structural weight was driven 

by the need to support the weight and actuation of these components, which were designed to 

have very high peak torques as previously mentioned, and the weight of an upper body. 

Table 2.2.5. Design goals for the robotic leg segment lengths 

Segment Desired Segment Length (cm) Final Segment Length (cm) 
Total Height 183.0 N/A 

Ground to Hip 97.0 94.2 
Thigh 44.8 38.1 
Shank 45.0 43.0 

Foot (ground to ankle) 7.1 13.1 
NOTE: The total system height was dependent upon the size of the upper body. 
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Table 2.2.6. Weight of motors and gears 

Motors/Gearhead/Gears Quantity 
Mass 

(g/unit) 
Total 

Mass (g) 
Hip 

   RE-40 (Maxon 148866) 2 480 960 
GP 42 (Maxon 203126) 2 460 920 
60 Tooth Gear (SDP/SI S10T12M060S1012) 2 336.58 673.16 
24 Tooth gear (SDP/SI S10T12M024S1012) 2 61.53 123.06 

Thigh 
   RE-50 Motor (Maxon 370355) 2 1100 2200 

GP 62 Gear Head (Maxon 110507) 2 1500 3000 
Pinion Gear (SDP/SI A 1C 3MYK20018H) 8 110.12 880.96 
Bevel Full Hub (SDP/SI A 1C 3MYK20036) 2 311.96 623.92 
Bevel No Hub  (SDP/SI A 1C 3MYK20036) 4 214.92 859.68 
Bevel Partial Hub  (SDP/SI A 1C 3MYK20036) 2 263.67 527.34 

Lower Leg 
   Linear Actuator (UltraMotion D-B.125-HT23-4-

2NO-PRBC3/RBC3) 2 1515 3030 
Foot 

   RE-40 (Maxon 148867) 2 460 920 
GP52 (Maxon 223105) 2 920 1840 
Large Spur Gear (Misumi GEAKBG1.5-48-15-B-
12N-KC120) 2 81.13 162.26 
Small Spur Gear (Misumi GEAHBG1.5-24-15-A-
12-KFC21-K5.0) 2 12.16 24.32 

  
Total 16744.7 

 

The range of motion (ROM) of each joint met or exceeded each of the human ranges. 

Although many of the robots only use a portion of the ROM of each joint for most tasks, just as 

humans do, it was considered important not to limit the capability of the system as much as 

possible.  
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Table 2.2.7. Typical leg joint ROM of males 30-40 years of age (Roass & Andersson, 1982) 

Joint Motion 
Human ROM 

(degrees) 
Design ROM 

(degrees) 
Hip Extension 9.4 52.6 
  Flexion 120.3 90 
  Abduction 38.8 64.3 
  Adduction 30.5 16.8 
  Internal Rotation 32.6 45 
  External Rotation 33.6 45 
Knee Extension -1.6 0 
  Flexion 143.8 90 
Ankle Dorsiflexion 15.3 45 
  Plantar flexion 39.7 45 
  Eversion 27.6 45 
  Inversion 27.7 45 

An important set of parameters for control of the legs will be the mass of each segment. 

The leg was divided into sections by the components that rotate together as shown below in 

Table 2.2.8. 

Table 2.2.8. Size of each leg segment 

Segment Weight per 
Leg (g) 

Total 
Weight (g) 

Hip plate (without 
rotation motors) 

4090 4090 

Lower hip 1837 3670 
Thigh 7808 15620 
Lower leg 4583 9170 
Foot 5856 11710 
Total System Weight  44260 

One of the major design goals was to develop a system that was relatively inexpensive. 

The total estimated cost of the mechanical system was estimated at $14,510. Of this cost, the 

actuation components (actuators and gears) cost 87% of the price, with the prosthetic 

components being valued at an additional 8%. The total system price was increased by the 

sensors and control components. A summary of the mechanical costs is shown below in Table 

2.2.9. 
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Table 2.2.9. Cost of mechanical components by section (without hip rotation) 

Component or Group Quantity Price($/unit) Total Cost ($) 

Misc Adapters and Hardware 1  $       800.00   $        800.00  

Steel Structure 1  $       100.00   $        100.00  

Prosthetic Components 1  $    1,000.00   $     1,000.00  

Hip    

RE-40 Motor (Maxon 148866) 2  $       485.38   $        970.76  

GP 42 Gear Head (Maxon 203126) 2  $       359.75   $        719.50  

60 Tooth Spur Gear (SDP/SI 

S10T12M060S1012) 

2  $         39.92   $          79.84  

24 Tooth Spur Gear (SDP/SI 

S10T12M024S1012) 

2  $         18.60   $          37.20  

Thigh    

RE-50 Motor (Maxon 370355) 4  $       592.38   $     2,369.52  

GP 62 Gear Head (Maxon 110507) 4  $       728.75   $     2,915.00  

Pinion Gear (SDP/SI A 1C 

3MYK20018H) 

4  $         47.84   $        191.36  

Bevel Gear (SDP/SI A 1C 3MYK20036) 8  $         80.41   $        643.28  

Lower Leg    

Linear Actuator (UltraMotion D-B.125-

HT23-4-2NO-PRBC3/RBC3) 

2  $    1,255.00   $     2,510.00  

Foot    

RE-40 Motor (Maxon 148867) 2  $       485.38   $        970.76  

GP52 Gear Head (Maxon 223105) 2  $       517.25   $     1,034.50  

Large Spur Gear (Misumi GEAKBG1.5-

48-15-B-12N-KC120) 

2  $         52.60   $        105.20  

Small Spur Gear (Misumi GEAHBG1.5-

24-15-A-12-KFC21-K5.0) 

2  $         31.66   $          63.32  

  Total  $   14,510.24  
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2.10 Future Work 
As mentioned at the beginning of this chapter, this is the third of three designs of the 

robotic legs. Several problems that arose with earlier designs—including weak structure, gear 

play, overall stiffness, and lack of bearings—were addressed in this final version. However, 

several other improvements could be incorporated in a future design: 

1. Decrease the gear ratio of the knee and hip pitch actuators to increase speed output. 

2. Increase the use of aluminum components instead of steel to decrease weight. 

3. Remove the prosthetic components to decrease cost. 

4. Choose a gear head for the ankle roll that has a lower gear ratio to decrease ankle 

height by modifying the current external gear ratio. 

5. Decrease the weight of the foot. 

Future versions of the leg will include these improvements to decrease weight and increase the 

overall performance. 

2.11 Overall Conclusion 
The focus on this chapter was to develop a pair of robotic legs that could have torque, 

velocity, and size similar to that of a human while maintaining a low financial cost. A 12-DOF 

leg system was designed to be comparable to the capabilities of other robots and humans, with an 

emphasis on maximum torque output over other performance factors. Other human data on was 

also researched as a guide for creating legs that will match anatomy studies. Five DC brushed 

motors with planetary gear heads and external gearing were chosen for five joints, and a stepper 

motor-driven linear actuator was responsible for one DOF. The overall design used similar 

components throughout, particularly the knee and hip pitch which were designed very similarly. 

The final size and range of motion of the fabricated system was comparable to that of a human, 

and its final cost was kept relatively low. This design could be improved in several ways, but the 

overall design goals were met and the system is theoretically capable of being used to implement 

various balancing and walking algorithms, which will be the focus of Chapter 3. 
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Chapter 3  

Electrical Design and Control of the Legs 

3.1 Introduction 

The control system for the legs was developed in conjunction with the mechanical design. 

Several components were considered for controlling the different actuators and providing the 

position feedback from the joints. A ZMP sensor was designed to allow the implementation of a 

balancing algorithm. An overall control architecture was designed for close loop control of the 

legs and a Simulink simulation code was developed to evaluate the different walking gaits. 

3.2 Control and Feedback Components 

3.2.1 Motor Drivers 

The selection of the brushed DC motors allowed simpler and lower cost drivers to be 

integrated into the control system than would have been required with other electric motors. 

Although cost and size could have been minimized by creating a custom motor control board, 

these benefits were outweighed by the time to design, build, and troubleshoot such a board and 

the simplicity of COTS components. The Pololu Simple Motor Controller was very compact, 

met the voltage and current requirements, and used a simple serial communication protocol. The 

24V12 model was used for each DC motor. Key specifications for this board are summarized in 

Table 3.2.1. The PWM frequency was high enough to eliminate the audible noise and the voltage 

resolution was greater than 11 bits in each direction. The driver output can be controlled by 

several methods including serial communication and serial over a USB connection. Two 12-bit 

analog-to-digital converters were available on the board and could be used in the future 

implementations for feedback or as limit switches. A picture of the driver can be seen in Figure 

3.2.1.  
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Table 3.2.1. Pololu Simple Motor Controller 24V12 parameters 

Parameter Value 

Size (inches) 2.1 x 1.1 x 0.2 

Model 24V12 

Max Supply Voltage (volts) 40 

Max Continuous Output Current (amps) 12 

Voltage Resolution (volts) Max Supply Voltage / 3200 

Max PWM Frequency 21.77 kHz 

Max Update Speed (Hz) 1000 

Note: Data from (Pololu, 2012). 

 

Figure 3.2.1. The Pololu Simple Motor Controller was used as the DC motor driver. A 

micro USB connection allows the board to be programmed and/ or controlled over USB. 

Control of the stepper motors in the linear actuators is more complex and required a 

controller. Because the motor is rated at 4.24 amps per phase, a large controller was necessary 

and eliminated many of the inexpensive COTS controllers. The ST5-S controller from the same 

manufacturer as the motor, Applied Motion Products, was selected because it met the current 

rating and had several control inputs including RS-232 serial and an analog voltage speed 

control. Although the serial communication method, which commanded the number of steps to 

move, was initially used to test the actuator, the velocity control using the analog input was 

simpler in the full implementation because a speed and direction could be specified in a similar 

method to the DC drivers. The largest drawback with the ST5-S, which is shown in Figure 3.2.2, 
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was its high price, but since only two were needed in the system the features compensated for the 

cost. It is also considerably larger than the DC drivers, measuring 3.65 x 3 x 1.125 inches. 

 

Figure 3.2.2. The Applied Motion Products ST5-S stepper driver. The driver was 

programmed using an RS-232 connection but then can be driven using several different 

methods. 

3.2.2 Position Sensor 

To acquire position feedback from the joints, several sensors were considered. Encoders 

were the most common feedback sensor, as mentioned in the survey in Chapter 1, and are 

typically mounted on the motor shaft directly. The widespread use of encoders is likely due to 

their being a digital sensor and therefore less sensitive to outside interference. Measurement of 

the motor movement before the gear head will provide a very fine resolution after the gear 

multiplication. However, most encoders measure relative positions and require a homing routine 

to initialize their position, and being positioned on the motor shaft means that any backlash 

between the motor and joint will cause error in the position readings which can compile over 

time. Encoders are a bit expensive. 

A more inexpensive method in comparison to encoders is potentiometers, which is analog 

sensor that acts as a variable voltage divider. The potentiometers experimented in this work 

provided absolute position by a corresponding varying voltage output. They are simple, requiring 

only a power, ground, and signal connection, and theoretically have infinite resolution. In 

practice the actual resolution is dependent upon the noise of the system and the quality of the 

sensor’s mechanical design. Potentiometers are also inexpensive and small in volume. By 

connecting the potentiometer directly to the joint shaft, the actual joint position was measured 
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despite any backlash in the system (assuming no backlash in the potentiometer connection). The 

drawback to potentiometers for this design is that the analog reading from the sensor is more 

susceptible to noise than digital sensors, and the large amount of current drawn by the motors 

could create interference and impact the reading. However, the cost savings and simplicity of 

potentiometers outweighed complexities that had to be accounted for in analog signal 

degradation. Being a contact sensor, potentiometers also may have a shorter life cycle than 

encoders, but life cycle analysis was outside the scope of this work. 

3.3 ZMP Sensor 

As discussed in section 1.1.2, the zero moment point (ZMP) is the location where all the 

inertial forces on the body sum to zero, and a body will be stable if this point is located within 

the base of support (BOS), which is a polygon formed by the points of contact with the ground. 

If the overall system orientation, the segment positions, velocities, and accelerations, and the 

surface of the ground were known, the ZMP could be computed without the need for other 

sensing. Due to the variability of conditions during walking and the complexity of calculating the 

whole body dynamics, an additional sensor is often implemented to measure the actual ZMP 

directly for use in the control system.  

3.3.1 Calculating ZMP 

In order to determine the ZMP, a set of single-axis force sensors were implemented in the 

design. One method of calculating the ZMP would be to use knowledge of the position and 

acceleration of each segment of the body. However, this methodology is dependent upon 

knowledge of the whole body orientation, does not account for outside disturbances or increases 

in mass (such as if something is picked up), and is very computationally intensive. If sensors are 

used to measure the ZMP directly, these issues can be avoided at the cost of additional 

components and accommodating the sensors into the design. Although several different types of 

sensors are employed, a similar method can be used to compute the ZMP for all force sensors. 

Since the ZMP is a measurement of the location of the summed forces acting between the ground 

and the body that produces no moment, the forces and moments applied are measured. Since the 

sensors are measuring force from the ground, the ZMP in the z-direction (vertical) can be 
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assumed to be on the ground and is therefore ignored in computation. The ZMP can be 

calculated generally using Equations 3.3.1 and 3.3.2. 

𝑍𝑀𝑃𝑋 =
∑𝑀𝑌

∑𝐹𝑧
 

3.3.1 

 

𝑍𝑀𝑃𝑌 =
∑𝑀𝑥

∑𝐹𝑧
 

3.3.2 

The moments about the x- and y-axis, the forces in the z-axis, and the ZMP in the x- and y-

planes are represented as 𝑀𝑋, 𝑀𝑌, 𝐹𝑍, 𝑍𝑀𝑃𝑋, and 𝑍𝑀𝑃𝑌, respectively (Bertec, 2012; Erbatur et 

al., 2002). 

3.3.2 ZMP Sensor 

Many of the robots surveyed in Chapter 1 used a force-torque sensor similar to the one 

shown in Figure 3.3.1 which measure forces in the x-, y-, and z-directions and the moments 

around these three axes. When the sensor is placed as the connection between the ankle structure 

and the foot, as shown in Figure 3.3.1, all the forces applied by the body to the ground are 

transmitted through the sensor. The drawback to this orientation is that the sensors tend to be 

large and therefore limit how close the ankle rotation can be to the ground. The important 

advantage is that since all the loads can be measured by the sensor, the orientation or location of 

contact between the foot and the ground will not prevent the sensor from sensing the load. 

However, these sensors also tend to be very expensive. 
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Figure 3.3.1. An example of a six DOF force-torque sensor in a robotic foot. The foot is 

rigidly connected to the outside structure of the sensor while the ankle section is connected 

to the center section of the sensor. The loads are transmitted through the connection 

between these two sections on the inside of the sensor, which is measured to produce the 

output. 

Because six DOF sensors are very expensive, a more inexpensive sensor system was 

designed. The goal was to use multiple single-axis force sensors to measure loads in the z-

direction only, similarly to the work performed by Erbatur et al. (2002). A key is that the foot 

must be designed so that the sensors only experience loads in the z-direction (vertical). Because 

the location of the sensors is known, the force can be multiplied by the distance to a given axis to 

find the moment around that axis. Figure 3.3.2 shows an example of loads seen on the foot. 

force-torque sensor foot 
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Figure 3.3.2. Example of forces and moments applied to force sensors on bottom of the foot. 

The moments around the x-and y-axis are MX and MY, and the forces in the z-axis are FZ. 

Using this methodology, the actual ZMP can be found using Equations 3.3.3 and 3.3.4 (Erbatur 

et al., 2002). 

𝑍𝑀𝑃𝑋 =
∑ 𝐹𝑍𝑖 ∗ 𝑑𝑋𝑖𝑖

∑ 𝐹𝑍𝑖𝑖  
3.3.3 

 

𝑍𝑀𝑃𝑌 =
∑ 𝐹𝑍𝑖 ∗ 𝑑𝑌𝑖𝑖

∑ 𝐹𝑍𝑖𝑖  
3.3.4 

where 𝑑𝑋𝑖and 𝑑𝑌𝑖 are the distances from a given location in the x- and y-direction, respectively, 

and 𝑖 is the sensor. 

As mentioned previously in Chapter 2, the foot was designed to accommodate several 

different sensor arrangements. The best number or orientation of the components would be too 

difficult to compute due to uncertainties with the sensing and robot design. Being able to test 

various configurations allows four sensors to be used, which provides a larger base of support 

and more contact points to acquire data, or three sensors, which reduces the financial and 

computational cost. The different sensor placements are illustrated in Figure 3.3.3. When the 

front sensors are mounted close to the center of the foot, the effective foot size is decreased, and 

if this arrangement was found to yield acceptable results the foot weight could be reduced. 
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Figure 3.3.3. Arrangement of force sensors on the foot. Several sensor arragements are 

possible for testing, with one or two sensors in the back of the foot and two different 

locations for two sensors in the front. 

Several different types of force sensors are available, including capacitive, resistive, and 

force sensing resistors. Capacitive sensors depend on frequency output and are more difficult to 

read than resistive sensors, which typically output an analog voltage signal. Force sensing 

resistors are inexpensive and very thin but are not designed for precision measurements (Erbatur 

et al., 2002). Therefore, the FC-23 resistive sensor from Measurement Specialties was chosen, 

and its performance parameters are shown below in Table 3.3.1 (Measurement Specialties, n.d.). 

Table 3.3.1. Specifications of FC-23 force sensor 

Manufacturer Measurement Specialties, Inc. 
Model FC23-1-1-0000-0250 

Force range 0-250 pounds 
Accuracy +/-1% full scale 

Output Voltage 100 mV 
Zero Force Output Voltage +/-20 mV 

Response Time 1 ms 
Max Overload Force 2.5X max load 

To prevent damage, the force sensor needed to be able to accommodate the load of the robot 

moving dynamically. Since this line of sensors were available in 100 lbf and 250 lbf units, the 

250 lbf max overload of the former would be close to the assumed worst load case scenario- 

where the full force is applied to a single sensor. This limited the accuracy, which is rated at +/-

1% of the full-scale of the sensor, but since the goal was to determine the relative load of each 
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sensor this was acceptable. The zero force output voltage can vary for each unit by an amount 

that is significant compared to the total voltage range, so calibration must be performed on each 

load cell individually. Calibration of the sensors is shown in Figure 3.3.4. The update rate of 1 

ms matched that of the Pololu DC motor controllers. The mounting of these sensors was shown 

in Chapter 2, with a screw passing through the foot to make contact with ground and transmitting 

the force to the sensor. 

 

Figure 3.3.4. Calibration outputs from the FC-23 sensors. All the sensors were in line with 

the manufacturer datasheet in terms of no-load offset and slope of the curves. 

3.3.3 ZMP Testing and Calibration 

The next phase of this project will focus on testing of the sensors to determine which 

arrangement is optimal and if any calibration curve between the force readings and the actual 

ZMP is necessary. One method to perform the tests would be to place the bottom plates of the 

robot foot with the sensors mounted onto a force plate, and then have a person stand on the force 

plate and/or walk normally on the foot plate. This would give a dynamic ZMP that could be 

measured by the force plate directly and compared to the force sensor readings. Additionally, 

both feet could be placed on the force plate and similar tests could be performed. Erbatur et al. 

(2002) connected their sensor to the bottom of a person’s foot and acquired data, and this method 

could also prove useful for the current design. Once the data has been acquired, a set of 
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calibration curves could be constructed to compute the actual ZMP from the readings of the foot 

sensors, with the possibility of having one calibration if both feet are experiencing load and a 

different one when only one foot is loaded. However, performance of these tests is outside the 

scope of the current work. 

3.4 Proposed Control Architecture 

Several different architectures were considered for the closed loop control of the legs. 

With the increasing speed of embedded processors, less computation is necessary on computers. 

In the proposed control architecture, which is shown in Figure 3.4.1, the overall control is 

performed on a PC with a real-time operating system. This is where the balancing algorithm 

would be executed, the safety checks would be performed, the user interface would be run, and 

the desired joint positions would be calculated and sent to the BeagleBone microcontroller. The 

BeagleBone is a very power miniature computer that also has low-level I/O capability. This 

would be used to perform the high-speed control loops on the position of each joint and 

communicate with the motor drivers. The output of the potentiometers and force sensors would 

be read by an Arduino microcontroller on each leg, which would then transmit the sensed data 

back to the computer. The distributed control would keep the computation demand low on each 

component. Serial communication would be used for the transmission of data between devices. 

Although parts of this control system have been tested, the full implementation is outside the 

scope of this work. 
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Figure 3.4.1. Control structure for one leg. The same PC and BeagleBone microcontroller 

would be used for both legs, but the remaining components would be duplicated. 

3.5 Balance Simulations 

In order to begin developing control equations for the legs, a Simulink simulation was 

developed to model the system dynamics. The SimMechanics package is used to model multi-

body mechanical systems in the Simulink environment. This handles the kinetic computation for 

the model and includes blocks for friction, gearing, damping, and many other mechanical 

properties in addition to the capabilities of Simulink. The joint blocks allow torques, positions, 

velocities, or accelerations to drive the movement. A sagittal plane model (viewed from the side) 

was created for initial simulations with each leg consisting of three joints—hip, knee, and ankle 

pitch. The model was driven by supplying the joint angles at each step in time. A visualization 

window was included that allowed the movement to be observed in three dimensions. The 

simulation tracks the torque output of each joint as well, so that during a prescribed movement, 

evaluation can be performed to determine if a parameter limitation has been exceeded. The right 
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foot is always rigidly connected to the ground, so only one gait cycle can be modeled. Figure 

3.5.1 shows images of the model during a simple walking gait with a step time of two seconds 

and a step length of 30 cm, and Figure 3.5.2 and Figure 3.5.3 show the joint angles and torques 

of each leg during the simulation. 

 

Figure 3.5.1. Visualization from Simulink simulation. The motions are shown from both an 

isometric and side view at different steps in time, which are shown in seconds. 

 



 88 

 

Figure 3.5.2. Right leg angles and torques in simulation. In the model, the right leg is 

rigidly connected to the ground and is the loaded leg during the single support phase. This 

particular gait uses a very large amount of ankle torque and therefore would likely be 

refined to more evenly distribute the load.  
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Figure 3.5.3. Left leg angles and torques during simulation. 

This simulation will allow walking gaits of various forms to be evaluated before 

implementation on the robot. The computational power of Simulink would allow the simulation 

to be expanded to incorporate motor dynamics, friction in the gears, and the control algorithms to 

be used on the physical hardware. The legs are a nonlinear, unstable system that is heavy and 

could cause damage if it falls, so being able to model the performance of a controller before 

implementation is an important tool. The backlash in the gear heads also may complicate the 

control, and modeling this behavior would be the first step in decreasing its impact. Additionally, 

this model can be used to determine how modifications in future units hardware redesigns, such 

as different actuators or reduced weight, will impact the system performance. 

3.6 Conclusions 

In addition to the building of the robotic legs, a control architecture was developed to 

allow the robot to achieve locomotion. The motor drivers and position sensors were selected to 

reduce the cost and complexity using COTS components. A ZMP sensor was designed and an 
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algorithm for calibration was proposed, as was an overall electrical system for the future 

implementation of a balancing/ walking algorithm. As part of this next step, a software model of 

the legs was developed which can be used to test and evaluate various control methodologies. 
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Chapter 4  

Servo Control of a Low-Cost Hydraulic 
Solenoid Valve 

In the initial stages of the design of the legs, hydraulic cylinder actuators were strongly 

considered due to their high strength and power density. Because the legs must be able to carry 

the weight of the upper body, force output was one of the important considerations. A test system 

was designed to evaluate the appropriateness of hydraulics. A control system was developed to 

use an on/off solenoid as a servo valve for position control. 

4.1 Introduction and Literature Review 

4.1.1 Justification for Hydraulics 

Hydraulic actuators have many advantages in robotics. The greatest advantages are their 

torque /mass and power/mass ratios, which are higher than electric motors (Hollerbach et al., 

1992). They also offer the advantage of having the force created remotely by a pump generating 

pressurized fluid which can flow over a relatively long distance to the cylinder. The actual 

structure near the joint only has to bear the weight and size of the cylinder itself. Some small 

cylinders are also capable of providing high magnitude of force in a very small size, as in the 

system that will be described here. Hydraulic fluid is virtually incompressible which makes these 

systems faster than pneumatics and does not introduce compliance that can increase complexity 

(Hollerbach et al., 1992). The fluid also acts as a lubricant for the moving components. 

However, there are some drawbacks to hydraulics as well. Leakage of the fluid can create 

complications when used with other electrical components and thus requires extra care in 

handling. Size within the robot can be an issue because a pump is required in addition to the 

cylinder, while electric motors only need the wiring to actuate. Depending on the work 

environment, filters may be necessary to maintain the fluid quality, adding weight and taking up 
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additional space. The lack of compliance in hydraulics can also be a drawback if the situation 

calls for an actuator that can handle sudden loads. 

Hydraulic valves are known to be nonlinear and difficult to control (Chevallereau et al., 

2009; Hollerbach et al., 1992). The valves typically incorporate an electrical solenoid that moves 

to change the fluid flow direction. Hollerbach et al. (1992) state that the “servovalves exhibit 

complex high-order, nonlinear dynamics, such as hysteresis of the electromagnetic valve 

element, variation of the orifice fluid-impedance with flow and fluid characteristics, change in 

orifice discharge coefficient with pressure ration, and sliding friction for spools” (p. 312). 

Although considerable gains have been made in valve control, the complexity along with leakage 

issues remain obstacles to be overcome for hydraulics to find acceptance in robotics. 

The goal in this chapter was to demonstrate a low-cost, on/off electric solenoid valve as a 

servomechanism with position feedback. These components typically operate “bang-bang,” 

meaning they are completely-on or completely-off. This presents difficulty in operation as the 

orifice opening cannot be controlled proportionally. Using a commercial off-the-shelf (COTS) 

solenoid valve may provide an option where higher level control is possible at a lower cost than 

more precise proportional servo valves. This also allowed the viability of hydraulic actuation to 

be evaluated for the leg design without significant financial investment. 

4.1.2 Literature Review 

Substantial research has been performed on the control of the position of hydraulic valves 

using various methods. Most of the control has been performed using servo valves (Niksefat & 

Sepehri, 2011; Wu, Sepehri, & Ziaei, 1998; Niksefat & Sepehri, 1999; Gamble, 1993; Šitum, 

Petrić & Crneković, 2003), which proportionally control the flow into the actuator. These valves 

are popular largely because common control methods such as PID can be used. The drawback is 

the typically high cost of these valves. Others have used on/off solenoid valves and performed 

pulse-width modulation, in which the valve is cycled on and off at a high rate at a varying duty 

cycle in order to act perform like a servo valve (Varseveld & Bone, 1997; Ahn & Yokota, 2005). 

This method is typically employed by DC motor drivers, but a major separation is that motor 

drivers use a low current signal to modulate, while hydraulic spools must overcome friction and 

internal pressure and therefore require significant energy for the switching. The switching time 
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also must be very fast to employ this method, which can drive up the valve cost. Other control 

methods use complex modeling of the system, but this requires in-depth knowledge of the valve 

parameters either from the manufacturer or from experimentation (Niksefat & Sepehri, 1999; 

Becan, 2007). Nguyen, Leavitt, Jabbari, and Bobrow (2007) developed a sliding mode controller 

without pulse-width modulation, but they also used an on/off valve with fast switching speed. No 

prior literature was found on controlling slow on/off valves for proportional control. Thus, this 

study provides a step towards developing low cost actuation system by addressing the control 

issues related to the slow on/off valves. 

4.2 Directional Valve Characteristics 

4.2.1 Valve Specifications 

A basic hydraulic system is composed of four primary components - the pump, tank, 

directional valve, and cylinder, as shown in Figure 4.2.1. The pump is typically connected to a 

motor (electric or gasoline are most common) and pulls low pressure fluid from the tank and 

outputs a high pressure flow. The fluid then flows to a directional valve, which controls the path 

of the fluid that flows to the cylinder. The cylinder contains a piston that moves as fluid moves 

into either side A or side B, as shown in Figure 4.2.1. Cylinders come in two primary forms: 

single-acting, where fluid flows into only one side and is pushed out typically by a spring, and 

double-acting where fluid flows into one side and out the other at any given time. If fluid flows 

from the pump through the valve and into side A of the cylinder, then fluid would flow out back 

to the valve and then to the tank, and vice-versa. The tank serves as a reservoir for the fluid and 

is typically at atmospheric pressure to reduce the resistance in the flow from the valve. 
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Figure 4.2.1. Schematic of the basic hydraulic system. The large dotted lines indicate a 

high-pressure flow that can go in either direction. The small dotted lines indicate a low 

pressure flow that travels only in one direction. The solid lines indicate high pressure flow 

which travels in one direction. 

The goal of using a COTS valve to perform control led to the selection of a widely 

available direction valve from Northman Fluid Power. The specific valve chosen was the SWH-

G02-C6-D12-10 model, which is a four-way, three-position tandem spring-centered spool valve. 

The four way means that fluid flows from the pump into the valve and then either back to the 

tank, to side A of the cylinder, or to side B of the cylinder. The three positions and the tandem 

refer to fluid flowing from the pump directly back to the tank but sides A and B are locked when 

in the center position, into side A and out of side B when in one on-position, or into side B and 

out of side A when in the other on-position. Figure 4.2.2 illustrates the flow path of this valve. 

When electricity is not applied to the solenoids, springs are used to center the spool, the moving 
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component which directs the flow. This valve is operated by applying a 12 volt DC signal to one 

of the solenoid coils, creating a magnetic field to move the spool. Table 4.2.1 summarizes some 

of the important parameters of the valve which were acquired from the Northman Fluid Power 

website (Northman Fluid Power. (n.d.).). 

Table 4.2.1. Reported valve parameters from manufacturer 

Parameter Reported Value Unit 

Weight 2 kg 

Max Operating Pressure 310 BAR 

Rated Flow Capacity 50 LPM 

Maximum Frequencies of Operation 300 cycles per minute 

Hydraulic Fluids Viscosity 10-400 cST 

Temperature Range -25 - +90 ˚C 

Rated Voltage 12 VDC 

Voltage Range +/-10% rated VDC 

In-rush Current 2.2 A 

Holding Current 2.2 A 

Switching On Delay 0.02-0.06 s 

Switching Off Delay 0.02-0.04 s 

The high flow rate and operating pressure of this valve provides a large operating range, 

although plans for the study did not include coming close to these limitations. The frequency of 

operation  refers to the rate at which the valve can be switched from off, to fully on in one 

direction, to fully on in the opposite direction, and finally off again. The valve was specified to 

turn on when 10.8-13.2 volts was applied. The switching on delay refers to the time required for 

the spool to move from the center off-position to completely on in one direction once voltage has 

been applied. The switching off delay refers to the time required for the spool to move back to 

the center once the voltage has been shut off. If the maximum delays were seen in operation, the 

valve would take 0.20 seconds to complete a cycle, coinciding with the 5Hz switching 

frequency. Figure 4.2.3 below shows the dimensions of the valve. 
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Figure 4.2.2. Flow diagram for a four-way, three position valve. 
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Figure 4.2.3. Dimensions of the directional control valve. Figure was taken from 

(Northman Fluid Power, n.d.). 

4.2.2 Valve Operation 
As previously mentioned, the valve uses a pair of solenoids in order to move the spool 

and control the flow. The solenoid itself is a wire coil which creates a magnetic field when 

energized. The field applies a force to the steel spool, and when the field strength is great enough 

it moves the spool and changes the direction of fluid flow within the valve. When the energy 

supplied to the solenoid is removed, the spring pushed the spool back to the center position. To 

change the fluid direction, the solenoid must overcome the force of the spring, friction between 

the spool and the rest of the valve, and the force of the fluid flowing through the valve housing. 

Figure 4.2.4 shows the forces involved in the movement of the spool.  
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Figure 4.2.4. Diagram of forces on valve spool.  

 The manufacturer lists the valve as being on-off, meaning that the valve must be 100% 

open in one direction or the other or completely closed in the center position; it is not designed to 

be open any intermediate amount. The delays in opening and closing the valve, as previously 

mentioned, mean that one cycle from closed to open to closed could take as long as 0.1 seconds, 

limiting the sped of operation of the valve. When the valve is open, the speed of the piston will 

be directly proportional to the flow rate into the directional vale. Therefore, a slow closing time 

would have the potential to limit either the accuracy of positioning or the usable flow rate. As a 

result, three methods of improving the valve control were proposed to meet the goal of 

developing a position control system: 

1. Can a proportional range of operation for the valve be found and used for control? 

2. Can the switching speed be increased? 

3. Can the dynamics of the valve after it has been shut off be predicted well enough to 

accurately control the valve position? 

If a proportional range could be found, then more conventional control methodologies could be 

implemented. This would mean that over some input range, the valve can be made to open a 

varying amount depending on the input power. If such a range cannot be found, then the ability 

to increase the valve speed would be investigated. With high enough speeds, pulse width 

modulation (PWM) could be attempted. If it is found that the performance of the valve cannot be 

modified, then the task would turn to controlling the piston movement based on knowledge of 

the valve behavior, where the valve could be turned off at the right point to achieve the desired 
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position. This method is limited by the repeatability of the system dynamics and the quality of 

the model of those dynamics, the sensory feedback available, the fluid flow rate (and therefore 

the piston speed), and the acceptable steady-state error. 

4.3 Test System Development 
In order to evaluate the directional valve, a test system was constructed to control a 

robotic joint. The mechanical design featured a coupled two-joint system using a four-bar 

mechanism. The hydraulic system used all commercial components that allowed for flexibility in 

parameter design. Several different position feedback sensors were evaluated before a linear 

potentiometer was finally chosen. 

4.3.1 Mechanical Design 

Because the goal was to determine if the hydraulics were a viable option for actuation in 

the leg design, a simple joint was chosen as the basis for a hand-like design rather than 

developing a leg which would introduce the complexity of a balancing. The central component to 

the mechanical design was the cylinder. High force output was desired for a small length and 

diameter, so a custom short-stroke cylinder from Mack Corp was selected because of the high 

pressure rating (10.3 MPa) and the custom stroke length. The line of pistons with the smallest 

diameter was chosen, and a kinematic model was used to determine the desired stroke length of 

the piston.  

4.3.1.1 Kinematic Model 
The model of the joint allowed the force output, speed, and possible stroke lengths to be 

varied to find the joint lengths and stroke length. Figure 4.2.5 shows the simplified geometry of 

the proposed joint. The finger would be attached to a base, as would the cylinder itself. The 

length of the cylinder body was dependent upon the stroke length of the piston, which was 

available in 0.254 cm (0.1 in) increments. The desire of using this model was to find the 

necessary extension length of the finger, or “a” in Figure 4.2.5, and the required stroke length, 

“s”.  
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.  

Figure 4.2.5. A sketch of the finger components. The orange line is the finger being 

designed, while the light blue line is the length from the finger rotation point to the cylinder 

attachment. In this diagram, the piston is at the minimum length, cmin. 

As the extension length a increases, the length of the piston increases more quickly, as 

described by the law of cosines in Equation 4.2.1. 

𝑐2 = 𝑎2 + 𝑏2 − 2 ∗  𝑎 ∗ 𝑏 ∗ cos(𝜃) 4.2.1 

where “b” is the mounting distance of the piston, or the distance where the piston connects to 

the previous joint and the pivot point. However, as “c” gets longer, the hydraulic piston must also 

have a longer stroke length in order to allow the finger to make a full 90° rotation. The stroke 

length was found by using Equation 4.2.2:  

s = cmax−cmin 4.2.2 

where “s” is the stroke, “cmax” is the length of c at a 90° bend, as in Figure 4.2.5, and cmin is c 

when the finger is completely straight, as in Figure 4.2.6. The length of the actual piston is 

dependent upon the stroke length, as seen in Figure 4.2.7 and in Equation 4.2.3: 

𝑐max = 2𝑠 + 𝑟 4.2.3 

where “r” is the base length of the hydraulic not including stroke. 
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Figure 4.2.6. The finger is fully bent at 90°. Angle 𝝓 represents the bend angle from 

horizontal. In this position, the piston would be fully extended. 

 

Figure 4.2.7. A sketch of the hydraulic piston fully retracted. The fully retracted length is 

the set length r plus the length of the piston. 

The model was designed to always produce the maximum force at a 45° bend by adjusting 

b, as a was varied. The joint segment length was chosen to be 10.2 cm (4 in). The design also had 

to minimize a because the thickness of the joint, the vertical direction in Figure 4.2.6, increases 

proportionally to the length of a. Therefore a mounting distance of 9.4 cm was chosen to achieve 

a stroke length of 2.03 cm (0.8 in) and an extension length of 1.44 cm, which led to the selection 

of the S6558-(8)-LS cylinder from Mack Corp. The datasheet for the cylinder can be seen in 

Appendix D. Table 4.2.2 shows some key dimensions of the cylinder. 
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Table 4.2.2. Summary of cylinder geometry 

Parameter Value Unit 

Piston diameter 19.05 mm 

Stroke 20.3 mm 

Retracted length 82.6 mm 

Extend area 276 mm^2 

Retract area 178.7 mm^2 

Extend volume 5.61 E -3 L 

Retract volume 3.63 E -3 L 

 

4.3.1.2 Four-bar Mechanism 
After the geometry had been determined, the segments of the hand were designed. 

Because only one joint limits the functionality, the original design was to have two individually-

actuated joints, with the desired to have three linkages total in the shape of a large claw-like 

structure, as seen in Figure 4.2.8. However, due to the complexity of the valve control and the 

cost of six cylinders, the design was modified to only actuate the first joint for testing and use a 

crossed four-bar mechanism to actuate the second segment. The finalized mechanism can be seen 

in Figure 4.2.9. 

 

Figure 4.2.8. Completed original design of hand with six cylinders. 
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Figure 4.2.9. Four-bar mechanism in joint. The kinematics of the four-bar were designed 

such that the following (second) joint would reach a 90 degree bend angle at the same point 

as the leading (first) joint. The yellow dotted lines show the static bars while the green line 

shows the crossing bar. 

 

4.3.1.3 Sensor Selection 
To perform the position feedback, several different sensors were evaluated to measure the 

bend angle of the joint. Because the two joints were coupled, only the angle of the first joint was 

measured. The first sensor evaluated was the STRX-02 Flex Stretch Sensor by Images Scientific 

Instruments, which is composed of a special material with a resistance that increases when 

strained. Figure 4.2.10 shows the sensor mounted on the joint. The benefit of these sensors is that 

they are simple varying resistors that allow for simple integration into a system. However, the 

4 in 



 104 

manufacturer states that the sensor exhibits hysteresis and does not immediately return to the 

starting resistance when the sensor is relaxed and may temporarily remain as much as 10% above 

the starting value, but specific time response was not supplied (Image Scientific Instruments, 

2013). Because of the slow operation of the valve, the stretch sensors were tested despite the 

hysteresis. The resistance was found to change linearly when strained, as seen in Figure 4.2.11. 

The time response was found to be much less acceptable, as shown in Figure 4.2.12. The sensor 

did not return to its original relaxed resistance in over 80 sec and thus was eliminated from 

consideration. 

 

Figure 4.2.10. The stretch sensor was attached on the outside of the joint. The ends were 

covered in electrical tape to prevent them from contacting the metal joints. 

stretch sensor 
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Figure 4.2.11. Strain test of the stretch sensor. The y-axis shows the resistance strain, which 

is the change in resistance divided by the original resistance. The manufacturer claims that 

the resistance doubles when the length is stretched to 150% of its original length (Image 

Scientific Instruments, 2013), which was used as the theoretical sensor response. 
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Figure 4.2.12. Time response of the stretch sensor. The joint was bent from completely 

straight to completely bent and back. The approximate time of when the joint was bent is 

shown by the first dotted line, and the approximate time of retraction is shown by the 

second dotted line. 

The next sensor that was evaluated was a string potentiometer. The potentiometer is made 

up of a conventional potentiometer with a spring and string attached. As the string is pulled, the 

shaft of the potentiometer is rotated and the output voltage changes. Two main issues were found 

with the sensor. First, because the stroke length of the sensor was greater than 15 cm, but only 

about 20 mm of the stroke were being used. This made the change in sensor output very small 

and noisy through the range of motion. Second, the string pot was very large and expensive. 

While this sensor would work in a test apparatus for one joint, it was too large for use in a 

practical system and it was not financially viable to use on more than one joint. However, during 

the initial testing the string potentiometer was used. 

The final sensor evaluated was a slide potentiometer. These linear sensors are both 

inexpensive and simple, as their movement provides a change in resistance. Many precision 

models were considered that would have been very rigid and had a high life cycle, but a less 

expensive potentiometer was chosen due to the nature of the project to achieve a cost-effective 
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system. Figure 4.2.13 shows the potentiometer mounted onto the joint. This sensor is linear and 

has no hysteresis and was connected with rigid bar to the first joint segment. 

 

Figure 4.2.13. Slide potentiometer attached to the joint. A rapid prototyping machine was 

used to create the connection piece. Because the sensor saw little loading, it is glued in 

place. 

4.3.2 Hydraulic Design 
In addition to the mechanical components, the hydraulic system was developed to 

evaluate the directional valve and hydraulics as a whole. A combined tank-motor-pump system 

was used to supply flow, a variable pressure regulator was used to control the pressure, and a 

variable flow control valve was used to adjust the flow rate. A pair of manifolds was used to 

distribute or control flow. Although the testing was only performed on one actuator, the system 

was designed to allow expansion to multiple cylinders in the future.  

slide potentiometer 

connection 
piece 
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Figure 4.2.14. Schematic of the hydraulic system. 

The tank-motor-pump system from Bucher Hydraulics (model M-4304) was chosen 

because of its simplicity. It is rated at 3.5 LPM flow rate and 20.7 MPa pressure. With the 

cylinder chosen, the pump nominally outputs 16 times of the cylinder retract volume per second, 

which would be far too fast to control. For this reason, two other components were incorporated 

in the system. Because the output pressure of the pump was higher than that desired for initial 

testing, the PRV-T03 pressure regulator made by Northman Fluid Power was included. This has 

an internal valve that directs fluid to the return manifold to maintain the desired pressure. The 

output is adjustable from 0.69-3.45 MPa (100-500 psi). Most of the testing was done at the 

lowest pressure. To adjust the speed of the piston movement, the flow rate was adjusted by using 

the MT-02W-K flow control valve made by Northman Fluid Power. Each side of the valve is 

individually adjustable, meaning that the flow to each side of the piston can be altered 

independently, which is important because the piston does not have the same volume on each 

side due to the piston shaft. Although the pressure regulator does decrease the flow rate, the 

pump output is still high enough that it would make control very difficult without this flow 

control valve. For safety purposes, the BioFlo FG by BioBlend hydraulic fluid was used because 

it is food grade and biodegradable. Its specific gravity is 0.913 and its kinematic viscosity is 46 

cST at 40˚C. 

4.4 Control Design 
As previously stated, three questions were considered for developing a method for 

controlling the directional valve to achieve the best possible performance, progressing from a 

high amount of control authority to a low amount of authority. The first question deals with 

finding a proportional range of the valve, the second with increasing the switching speed, and the 
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third with predicting accurately the valve dynamics in order to control the position. To 

implement any scheme, the electrical circuitry had to be developed to address each of these three 

questions. Then the valve was tested to evaluate which, if any, control method could be applied. 

Throughout the whole process, the desire remained to perform the control with only joint 

position feedback rather than adding other types of sensors to measure parameters such as 

pressure or flow to reduce cost and maintain relative electrical simplicity. An additional 

simplification was that the flow control valve was used to significantly slow the volumetric flow 

rate leaving the directional valve to the sides of the cylinder. Both sides were adjusted to 

approximately the same speed- which means that the side of the cylinder with the piston rod 

would receive less flow due to the smaller volume. The pressure entering the directional valve 

was maintained at 100 psi. 

4.4.1 Electrical Circuit Design 
To implement the control, the electrical circuitry had to be developed. Since each side of 

the valve has its own solenoid to apply force on the spool, the current applied was individually 

controlled. During initial testing, an Arduino Mega 2560 microcontroller was used with a pair of 

MOSFETs to direct the electricity, as seen in Figure 4.2.15. Digital signals from the 

microcontroller were used with pulse-width modulation (PWM) to change both the direction and 

effective amplitude of the current flow into the solenoids. However, the resolution on the duty 

cycle was limited to 8-bits, and therefore did not provide a fine enough range to evaluate if a 

proportional range was existent over voltage changes less than 0.39 volts with a 10 volt power 

supply. The PWM frequency was only 470 Hz and presented a concern, as typical motor 

controllers are more than an order of magnitude faster, although no tests were conducted to 

evaluate the frequency’s impact. An additional issue was seen when attempting to read the 

analog sensors previously mentioned, which may have been due to the microcontroller ground 

being connected to the power supply ground. 
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Figure 4.2.15. First electrical circuit diagram. An Arduino Mega 2560 microcontroller was 

used to control a pair of NPN MOSFET transistors using a PWM output. The PWM signal 

sent to each transistor pulses at a frequency of approximately 470 Hz to control the voltage 

into the valve. The resistor is necessary to prevent a short. The grounds of the digital and 

power were connected. 
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The second circuit that was developed replaced the MOSFETS with a pair of Pololu 

Simple Motor Controllers to control the output voltage, as seen in Figure 4.2.16. The same 

microcontroller was used, but delivered serial communication to control the output. The 

resolution of the Pololu controllers was approximately 11-bit each direction of current flow, 

although only one direction output was used. An input command range of 0-3200 corresponded 

to 0 volts to the input voltage. The PWM frequency was also significantly higher than the first 

circuit at 22 kHz. 
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Figure 4.2.16. Second electrical circuit diagram. The Arduino Mega 2560 microcontroller 

sends TTL serial commands to the two Pololu motor controllers (MC). Each controller is 

connected to the power supply. The MC then outputs a voltage to the valve in accordance 

to the command received from the Arduino. The digital and power grounds were not 

connected. 
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The feedback of the control system was implemented on the Arduino microcontroller as 

well. Figure 4.2.17 shows the flow of signal transmissions in the system. 

 

Figure 4.2.17. Flow chart of information in the control system. 

4.4.2 Switching Time Testing 
Once an effective electrical system was developed, the first two controls questions were 

tested together. First, the minimum voltage (On-Voltage) required to open the valve was tested, 

as initial testing seemed to show that the valve opened only after a threshold was met. Although 

fairly consistent results were seen, the On-Voltage did have some variability, as seen in Table 

4.2.3and in Figure 4.2.18  

Table 4.2.3. Testing the on-voltage of each solenoid 

Test 1 2 3 4 5 6 7 8 9 
Sample Period (ms) 20 20 50 50 50 50 500 500 500 
Solenoid 1 On-
Voltage (volts) 

7.684 7.619 7.550 8.072 7.694 7.622 7.628 7.716 7.572 

Solenoid 2 On- 
Voltage (volts) 

5.566 5.559   5.650 5.669 5.638 5.569 5.541 

Note: Results of the on voltage for solenoid 2 on tests 3 and 4 were not conducted. 
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Figure 4.2.18. Solenoid on-voltage. 

In order to evaluate the proportional range, testing was performed on the difference in 

joint speed when the valve had a voltage just above the threshold compared to when it received 

maximum voltage. The speed difference was not significant enough to conclude that a usable 

proportional range exists. Therefore, further testing of a proportional range was not conducted 

and attention shifted to increasing switching speed. 

Using the previously examined On-voltage approximation, a series of tests were 

performed to determine if a method to speed up the valve switching could be implemented. It 

was theorized that if the solenoid was pre-loaded close to that threshold it would turn on more 

quickly since the valves only turn on when the threshold is crossed. Similarly, if the voltage was 

just above the threshold to turn the valve off, it would turn off more quickly. If the methodology 

proved to be effective, the pre-load could always be applied to increase switching speed at the 

cost of continuously applying energy.  
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The time delay between when the voltage changed to when the joint began to move was 

measured for three scenarios. Each scenario was tested for turning the valve on and turning the 

valve off. The valve was considered on as soon as movement was measured by the position 

sensor. Since the valves were designed to function on-off, the first test was used as a baseline 

and applied zero volts and then the max voltage. The second test consisted of first applying an 

offset voltage just below the On- Voltage thresholds in the open tests and just above the Off- 

Voltage threshold in the close test, and then applying the maximum voltage. The final test also 

applied an offset, but then applied a voltage just beyond the threshold. Table 4.2.4 shows the 

parameters used and results for the voltage used to open the valve while Table 4.2.5 shows the 

same for turning off the valve. The current was also measured throughout each test. 

Table 4.2.4. Testing of time required for valve to open using voltage offsets 

 Zero- Max On Below Threshold- 
Max On 

Below Threshold- 
Above Threshold 

Start Voltage 0 6.875 6.875 
End Voltage 10 10 7.750 
Total Average for 
Pos Delay 

0.25 0.23 0.38 

StDev 0.018 0.027 0.053 
St Dev % 7% 12% 14% 
Number of Tests 8 6 11 

As theorized, pre-loading the valve with a voltage below the threshold did show the 

quickest switching time, but was very close to the switching time of the zero-to-max tests. These 

were approximately within one standard deviation for each test of one another, and the sample 

period was 0.02 seconds. The slowest switching time was seen in the final test, which was 

significantly slower and was less repeatable. 
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Table 4.2.5. Testing of time required for valve to close using voltage offsets 

 Max On- Zero Above 
Threshold- Zero 

Above Threshold- 
Below Threshold 

Start Voltage 10 3.531 3.531 
End Voltage 0 0 3.297 
Total Average for 
Pos Delay 

0.16 0.13 0.18 

Total StDev for 
Test Type 

0.019 0.021 0.035 

St Dev % 12% 17% 19% 
Number of Tests 12 8 8 

Testing was also performed when turning the valve off, and similar results were seen. 

The above threshold-zero test was again the fastest and very close to the delay for the max-zero 

case. However, the test around the threshold was much closer, within approximately one 

standard deviation of the max-zero test results. The cause of the delay’s existence was 

investigated by looking at the current being pulled by the solenoid for each case. Figure 4.2.19 

shows the current response to a step voltage input. The delay between the voltage change and 

when the current reached steady state was measured for each test, as shown in Table 4.2.6 and 

Table 4.2.7. 
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Figure 4.2.19. The valve voltage and current response to a step voltage change. The current 

has a delay. The drop in current is seen for all tests except when the voltage was dropped to 

zero. 

Table 4.2.6. Testing of current delay using voltage offsets when turning valve on 

 Zero- Max On Below Threshold- 
Max On 

Below Threshold- 
Above Threshold 

Start Voltage 0 6.875 6.875 
End Voltage 10 10 7.750 
Total Average for 
Current Delay 

0.10 0.07 0.23 

Total StDev for 
Current Delay 

0.013 0.010 0.033 

St Dev % 13% 14% 14% 
Number of Tests 8 6 11 
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Table 4.2.7. Testing of current delay using voltage offsets when turning valve off 

 Zero- Max On Below Threshold- 
Max On 

Above Threshold- 
Below Threshold 

Start Voltage 10 3.531 3.531 
End Voltage 0 0 3.297 
Total Average for 
Current Delay 

-- -- 0.16 

Total StDev for 
Current Delay 

-- -- 0.037 

St Dev % -- -- 24% 
Number of Tests 12 8 8 

The delay between the voltage change and the current steady state appeared to directly 

correlate with the position delay for the tests turning the valve on. The final test of below and 

above the threshold showed a significantly longer delay. When the valve was turned close and 

voltage dropped to zero, no current drop was seen because the current obviously could not drop 

anymore. However, a drop was seen in the test of above and below the threshold. As a result of 

all the tests on increasing the valve speed, it seemed that voltage pre-loading the valve did not 

have a significant impact on the switching speed. Because of the simplicity of controlling a 

system by applying either zero or maximum voltage, this method was used in further testing. 

Therefore, experiments to determine if the valve dynamics after voltage was removed could be 

predicted were conducted. 

4.4.3 Valve Dynamics Prediction 
The final question that was examined was if the movement of the valve could be 

predicted reliably enough to use in control. If it was known how far the joint would travel once 

the valve was turned off, then it would be possible to know when to turn off the valve to reach a 

desired position. To determine this, two test cycles were run in which the valve was turned on 

and then off six times in each test. All of the tests were normalized to the time when the position 

sensor first saw movement, so that all positions were relative to the position at this time. Since 

control was going to be performed using the position reading on the microcontroller, the 

calibration to angle was not applied. The average relative position at each relative sample time 
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was taken, both for the two tests and for all 12 times the valve was shut off. Figure 4.2.20 and 

Figure 4.2.21 show the results from each of the two tests. 

 

Figure 4.2.20. The relative joint position for Test 1 after valve is shut off.  
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Figure 4.2.21. The relative joint position for Test 2 after valve is shut off.  

 

Figure 4.2.22. Overall average relative position for all 12 tests. 
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positions. Because the results showed high repeatability, it was decided to test an implementation 

of control using the predicted valve movement. 

4.4.4 Control Design 
The design of the controller was based around a simple closed loop scheme with a 

deadband. Because the valve was force to operate as an on-off actuator, the valve was turned off 

when the sensor had a reading within 2 degrees of the desired position. Additionally, because the 

valve would take 2 degrees to complete turn off, any position within this range would result in no 

output to the valve. Equations 4.2.4- 4.2.6 show the mathematical implementation. 

𝑒′ = 𝜃𝑑 −  𝜃 4.2.4 

The error 𝑒′ is the difference between the desired angle of the joint, 𝜃𝑑 and the actual angle 𝜃. 

However, this error signal may be smaller than the minimum angle the joint will be able to 

move, 𝜃𝑚𝑖𝑛. Therefore, a conditional statement is applied. 

𝑒 = �𝑒
′, 𝑖𝑓 �𝑒′� < 𝜃𝑚𝑖𝑛

0 , 𝑒𝑙𝑠𝑒
 

4.2.5 

The primary control law was then applied, as seen in Equation 1.4.3. 

𝑢 = 𝑉𝑚𝑎𝑥𝑠𝑔𝑛(𝑒) 4.2.6 

where 𝑢 is the input into the solenoid, 𝑉𝑚𝑎𝑥 is the supply voltage, and 𝑠𝑔𝑛 is the signum 

function, which gives the sign of the error. This was applied at a sampling rate of 50 Hz, which 

was well above the switching speed of the valve. 

4.4.5 Control Results 
The performance of the control equation was evaluated using three tests. The first gave 

random step changes in the desired position, as seen in Figure 4.2.23. The second test gave a sine 

wave desired position and is shown in Figure 4.2.24. The final test, seen in Figure 4.2.25, gave a 

varying trajectory for the valve to follow. 
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Figure 4.2.23. Step set point control results. The desired angle was ThetaD and the 

measured angle was ThetaA. The valve input voltage is plotted using the right vertical axis. 
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Figure 4.2.24. Tracking a sine wave set point. The input sine wave had a frequency of 0.1 

Hz, and amplitude of 450, and a DC offset of 450. The desired angle was ThetaD and the 

measured angle was ThetaA. The valve input voltage is plotted using the right vertical axis. 
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Figure 4.2.25. Trajectory set point tracking results. The desired angle was ThetaD and the 

measured angle was ThetaA. The valve input voltage is plotted using the right vertical axis. 
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The three tests showed that the control law is able to command the valve to the desired 

position. The first test, which used varying step changes in desired position, showed that the 

valve was consistently able to drive the system within 1 degree of the desired position. The 

greatest limitation seen was the max speed of the valve, which was shown to be fairly consistent 

around 20 degrees/ second. Similar results were seen for the other two tests as well. Overall, the 

valve was capable of controlling the joint position accurately, reliably, and repeatedly. 

4.5 Conclusions 
The goal with the hydraulic system was to control the position of the hydraulic piston 

using a low-cost, commercial direction valve. With limited information about the dynamic 

response of the component, several control questions were presented and evaluated. Both an 

electric and hydraulic circuit were developed that allowed various control strategies to be 

implemented. No proportional range was found for the valve, and pre-loading the valve did not 

seem to have a significant impact on switching time. The valve dynamics were predictable 

enough to implement a simple control strategy, which was able to follow a tracking input with 

relatively low steady-state error. The greatest limitation was the valve speed, which was 

determined by the adjustable flow control valve and therefore throttled the settling time of the 

valve to improve steady state error. 

The next stage of this work would focus around creating an algorithm that is more 

adaptive to changes in the system. Some correlation between the velocity before the valve closed 

and the final amount of movement, but significantly more data would have been necessary to 

find a quantifiable trend which would have the possibility of reducing the steady state error and 

handling outside disturbances better. The control is also designed to handle the volumetric flow 

rate that was used for testing and may not be able to handle a wide range of flow rates. Re-testing 

could be performed, potentially automatically when the system starts up, to calibrate the control 

to a different flow rate. If combined with a correlation between valve speed and distance traveled 

once the valve is closed, a control algorithm could be developed that would be able to adapt to a 

range of hydraulic input parameters to position the piston. 

In the overall scope of the project, the complexity of hydraulics was determined to 

outweigh the strength benefits when compared to electric motors. The nonlinearity proved to be 
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a non-trivial problem to control, and leaking was difficult to avoid. Additional components 

would likely be necessary to better control the valve as well, driving up the cost and weight. It is 

certainly important to note that if the hydraulic motor, pump, and valves were better sized for the 

system, a higher level of control would be possible. The use of proportional valves would also be 

an important change for improving performance that would always be limited for the valve used 

here. Although hydraulics were found to be more difficult than electric motors for the leg design, 

significant gains were made through the process of developing the hydraulic system, most 

importantly the basis for the electronics of the legs and a better understanding of joint control 

and kinematics. 
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Chapter 5  

Conclusions 
A pair of low-cost, biomimetic robotic legs based on the size of a 6 foot tall human were 

designed and fabricated. In order for humanoid robotics to transition from research environments 

to integration in daily life, the price of these systems must be greatly reduced. Currently many 

costly components and complex geometries are employed in other leg designs. Therefore the 

design of these new robotic legs focused on achieving comparable performance while remaining 

as inexpensive as possible. 

Chapter 1 of this thesis provides a survey of the humanoid robotic legs that have been 

released between 2006-2012. Key design parameters for each robot were collected and 

presented. Trends in the total group and within series of robots developed by the same research 

group were discussed. Suggestions for improving the reporting of this data were laid out, and a 

discussion of future trends in robotic legs was also presented. 

Chapter 2 focused on the design of the robotic legs, from the design parameters, to the 

component selection, and finally to the final design. Human anatomy data was researched to 

develop the metrics for the range of motion, length, and weight for each segment. To determine 

the joint torque and velocity, data from human walking and from another humanoid robot was 

considered, and actuators were chosen to match or exceed the torque of each. Planetary gear 

heads were used to reduce costs over more expensive drives that are commonly used in other 

robots. Brushed DC motors were chosen for five joints, and a linear actuator driven by a stepper 

motor was selected for the ankle flexion. The design of each joint segment was presented and 

showed how simple machined parts and off-the-shelf components that were used throughout the 

design saved cost on manufacturing. 

Chapter 3 describes the electrical components and control architecture for the system. 

The rationale for the chosen motor drivers is discussed. Potentiometers were chosen as the 

position feedback sensors because they are absolute, inexpensive, and compact. The zero 

moment point is a common parameter derived from force sensor data, and a methodology using 
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three sensors was employed. Although several sensors were considered, a single-axis resistive 

load cell was chosen. An overall control architecture was presented, which used a PC for user 

interface and a series of microcontrollers to interface with the motor drivers and sensors. A 

Simulink model of the legs dynamics was created and used to simulate a walking gait. This 

model can be used to evaluate control algorithms and simulate disturbances. 

Chapter 4 discusses the evaluation of hydraulics as an actuator for a robotic system by 

developing a control system for a single cylinder. A literature review showed that the common 

methodologies used to perform position control on a hydraulic valve would not work for a valve 

with slow switching speed. A low-cost flow control valve was selected and investigated to 

determine if the speed could be increased. The control electronics used in the valve control was 

used as a basis for developing the control architecture for the robotic legs. A voltage pre-load did 

not improve performance significantly and no proportional range of operation was found. 

However, the valve dynamics were found to be consistently predictable. Therefore, a predictive 

deadband controller was used to turn the valve off at the appropriate time to track the desired 

position. The controller had a steady state error of less than 1 degree and showed little overshoot. 
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Summary of major achievements 
 

A pair of low-cost, biomimetic legs with 12 degrees of freedom was developed for 

approximately $14,500, with cost savings being derived from less expensive  

 

Analysis of methods for position control of a low-speed on-off hydraulic valve was performed 

and found that the system response after the valve closed was predictable and repeatable. 

 

A predictive deadband control algorithm for the hydraulic valve was developed and was capable 

of tracking an input with a steady state error under 1 degree and with little overshoot. 
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