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Abstract

Animals exhibit remarkable locomotion capabilities across land, sea, and air
in every corner of the world. On land, legged morphologies have evolved
to manifest magnificent mobility over a wide range of surfaces. From the
ability to use footholds for navigating a challenging mountain pass, to the
capacity for running on a sandy beach, the adaptability afforded through legs
motivates their prominence as the biologically preferred method of ground
transportation. Inspired by these achievements in nature, robotics engineers
have strived for decades to achieve similar dynamic locomotion capabilities
in legged machines. Learning from animals’ compliant structures and ways
of utilizing them, engineers developed numerous novel mechanisms that al-
low for more dynamic, more efficient legged systems. These newly emerging
robotic systems possess distinguishing mechanical characteristics in contrast
to manufacturing robots in factories and pave the way for a new era of mo-
bile robots to serve our society. Realizing the full capabilities of these new
legged robots is a multi-factorial research problem, requiring coordinated ad-
vances in design, control, perception, state estimation, navigation and other
areas. This review article concentrates particularly on the mechanical design
of legged robots, with the aim to inform both future advances in novel mech-
anisms as well as the coupled problems described above. Essential techno-
logical components considered in mechanical design are discussed through
historical review. Emerging design paradigms are then presented, followed
by perspectives on their future applications.

S. Kim and P. M. Wensing. Design of Dynamic Legged Robots . Foundations and Trends R© in
Robotics, vol. 5, no. 2, pp. 117–190, 2014.
DOI: 10.1561/2300000044.
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1
Introduction

Developing legged machines that walk and run like humans and animals has
long been a grand challenge in robotics. Mobility is one of the most critical,
yet immature, technological components for future mobile robotics applica-
tions. Many engineers aim to develop robots capable of navigating in hu-
man environments, and legs are considered the biologically-preferred mode
of ground locomotion. Current modes of ground transportation are primarily
dominated by wheeled systems or variations such as tracks. Wheeled sys-
tems offer great simplicity and robustness in relatively well-structured envi-
ronments and have impact in a variety of applications, whereas man-made
legged machines have started demonstrating basic capabilities only recently.
Although legged systems are designed to navigate rough terrains that wheeled
vehicles cannot access, the performance of the legged robots to date has yet
to unlock these benefits.

In order to envision critical applications for legged systems, it is impor-
tant to understand the characteristics and unique advantages provided by legs
at a broad scope. The next section discusses many benefits of legged systems
and the special characteristics that distinguish them from more conventional
means of transportation. Following this high-level motivation, Section 1.2 de-
tails a history of legged locomotion with focus on trends in design. In light

2
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1.1. Legs vs. Wheels 3

of this historical background, Section 1.3 details important underlying chal-
lenges remaining in robot design. These reflections will serve to motivative
the remaining chapters of the review.

1.1 Legs vs. Wheels

A legged architecture for locomotion machines has attractive promise for
high versatility operation, providing mobility in challenging environments.
However, the complexity of legs dwarfs that of wheels due to an articulated
morphology that requires additional degrees of freedom (DoFs). Are there
appropriate roles for legged machines when mankind has invented (and dra-
matically benefited) from wheeled vehicles1 throughout its history? For trans-
portation in air, we have taken inspiration from birds and sought to embody
their operation without explicitly copying the complexity of wings. With this
in mind, it should not be expected that legs are universally optimal for trans-
portation on land. However, while airplanes drastically outperform animals
in nearly every aspect of flight, there are still animals on land with ground
transportation capabilities that well exceed our wheeled solutions.

1.1.1 A Case for Legs

Comparing legged and wheeled systems is hardly black and white – the util-
ity of these two modes of transportation depends heavily on the application.
However legs offer main advantages in applications that require the use of
intermittent contacts and an ability to shift the center of mass relative to the
contact locations. These advantages chiefly manifest in situations that require
both an ability to transverse and manipulate geometrically complex environ-
ments.

In modern ground transportation, artificial modification of the terrain is
essential. Conventional wheeled vehicles maintain continuous contact with
the terrain, and their design assumes good conditions for the roads to accom-
plish this. The chassis of vehicles is connected to the wheels via a passive
suspension mechanism, allowing toleration of variations in roadway materi-
als (gravel, dirt paths, asphalt, etc.) as well as roadway geometry. Through

1Here, wheeled vehicles represent all vehicles that use wheels or tracks as a main means
of transportation
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4 Introduction

this approach, wheeled systems can travel faster than most legged animals
(ignoring scale differences) when the ground is fairly flat. Novel suspension
designs, such as in the wheeled SHRIMP robot (Lamon et al., 2004), increase
the ability to attenuate disturbances from contact irregularities but still main-
tain continuous contact with the terrain.

A practical middle ground between legs and wheels is the use of Whegs
(Schroer et al., 2004), which combine the simplicity of wheels with discrete
contact interactions provided by feet. Whegs designs were largely inspired by
the RHex family of robots (Saranli, 2001), and can be described as discrete
wheels. For instance, the rimless wheel represents the simplest embodiment
of the Whegs concept. This morphology allows Whegs to change contacts
from step to step and traverse varied terrain that is unable to be negotiated
by wheels of the same radius. While Whegs can be seen as a middle ground
between legs and wheels in terms of mechanical design, their maximum per-
formance envelope represents a compromise between legs and wheels as well.
Without articulation in the limbs, Whegs inevitably lack critical versatility for
contact reconfigurability.

Legged machines provide improved mobility over wheeled vehicles
chiefly through an ability to reconfigure and exploit discrete interactions in a
large workspace. This ability to make and break contacts is important where
the roughness of the ground varies, or continuous contact paths are unavail-
able. Whether for locomotion over bouldered grounds, stiff slopes, or even
sheer cliffs, the ability to radically modify support structure from step to step
can be critically necessary to negotiate the most extreme terrains. A large
workspace amplifies these abilities, providing valuable additional options.

The ability to reconfigure contact geometries in legged machines further
eliminates the need for a wide support polygon that stabilizes most wheeled
systems solely based on their fixed geometry. Since the geometry and prop-
erties of contacts influence the ability to provide friction-limited forces, re-
configurable contacts allow for the generation of propulsive forces in a wider
range of directions. This advantage allows legged systems to manage dy-
namic stability while subject to more narrow footprint requirements. Even in
challenging passages found in disaster environments or a packed urban ware-
house, legged systems can maintain balance despite their high center of mass
and using only small footprints through the versatility of legs.

Full text available at: http://dx.doi.org/10.1561/2300000044



1.1. Legs vs. Wheels 5

Articulation of the limbs also offers an ability to dynamically reconfigure
the center of mass for high-power manipulation. In disaster response situa-
tions, for instance, being able to maintain balance with a high center of mass
can be greatly advantageous. Simply opening a spring-loaded door requires
high force generation at around 1.2 m above the ground where the door knobs
are located. If the robot’s center of mass is low, this task can be extremely
difficult to achieve by solely relying on static stability. Using our dynam-
ics, humans can generate much higher forces than in a static body posture.
Throwing, kicking, and batting motions of humans well represent our abil-
ity to shift the center of mass of the body to generate momentum and thus
generate greater power output. Although much less powerful, the mundane
daily task of opening a spring-loaded door may require mastering the basics
of such dynamic movements.

Until we mature the technologies for legged robots, it may be meaning-
less to argue which mode of transportation can be most useful for a given
application. What is clear is that we need to advance legged locomotion tech-
nologies in order to develop mobile robots capable of operating in a wider
range of environments. Across automation in agriculture and construction,
assistance in the home, exploration of distant planets, search and rescue, or
disaster response, mastering legged locomotion is a critical and logical step
towards many future applications of mobile robots.

1.1.2 Steps towards future applications: A need for design-
centered thinking

Advancing these legged technologies will require addressing great complex-
ity in design. A car needs two active degrees of freedom, propulsion and
steering, which requires two actuators. In contrast, a legged system requires
at least three degrees of freedom per leg to properly select and manage con-
tact interactions in 3D. This complexity in structure drives up cost from many
components. While this curse of complexity manifests in the mechanical de-
sign, a similar challenge accompanies the design of control algorithms, sens-
ing systems, and other coupled components of these systems. To realize the
full capabilities of legged machines, integrative challenges must be mastered
across these intersecting domains. Ultimately, lagging capabilities in any of
these domains may limit legged systems from achieving their full potentials.

Full text available at: http://dx.doi.org/10.1561/2300000044



6 Introduction

It is a main hypothesis, however, that the treatment of mechanical design
within locomotion robots is a limiting factor of their performance in current
hardware. While better control algorithms will make current robots more ca-
pable, improvements in our design methodologies will yet simplify control
and allow new levels of proficiency as mobile legged machines emerge from
the laboratories and are let loose in real work. The past decades have pro-
vided a renaissance in the design of legged robots, and lend great credibility
to this vision. The next section provides a review of this previous work. It
is intended to provide a window into both how far the field has progressed
as well as the challenges that remain to achieve biologically proven levels of
legged performance.

1.2 A Brief History of Legged Robots

The design of machines with legged mobility has been a pursuit of engineers
for over a century. Dating back to as early as the mid 1800’s, efforts first
concentrated on the use of clever linkage-based designs to mechanically pro-
duce fixed leg motions. The celebrated Russian mathematician Chebychev is
credited with the earliest of these designs (Lucas, 1894), with similar ideas
appearing in US patents by the late 19th century (Rygg, 1893) and making
their way into machines constructed more recently (Morrison, 1968).

While many of these systems were capable of rudimentary locomotion on
prepared surfaces, their fixed gait patterns prevented truly adaptive locomo-
tion and limited the classes of terrain they could traverse. Starting in the early
1960s, however, a shift began to occur. Rather than focusing on linkage-based
designs with fixed limb trajectories, researchers started to pursue methods for
active control, and slowly, adaptive legged machines began to emerge.

1.2.1 The Beginnings of Adaptive Legged Machines

In 1962, the General Electric Corporation and R.S. Mosher began work on
a quadruped that was unlike any of its predecessors. The GE Walking truck
(Mosher and Liston, 1968) as shown in Figure 1.1 was a hydraulically pow-
ered, 12 degree of freedom quadruped weighing 1400 kg. Without complex
linkages to coordinate the motion of its limbs, the Walking Truck was de-
signed to be controlled by a skilled human operator.

Full text available at: http://dx.doi.org/10.1561/2300000044



1.2. A Brief History of Legged Robots 7

(a) (b)

Figure 1.1: (a) The GE Walking Truck and (b) Phony Pony, two of the first legged robots.

The teleoperation interface for this landmark system was truly ahead of its
time. All 12 degrees of freedom were commanded by a human driver using a
series of handles and pedals for their hands and feet. The system also provided
the operator with force feedback which enabled response to obstacles or other
terrain disturbances. After roughly 20 hours of operator training, the system
was capable to climb railroad ties and walk along at 5 mph (Raibert, 1986).

Rather than rely on a skilled human operator, R. McGhee of the Uni-
versity of Southern California realized that an automated system could in-
stead be used to coordinate the rhythmic motions of locomotion. Born out
of his collaborative theoretical work with R. Tomovic (Tomovic and Mcghee,
1966), McGhee created the first legged machine to apply finite-state automata
to robot walking (McGhee, 1968; McGhee and Frank, 1968). His robot, the
Phony Pony (Figure 1.1), weighed 50 kg and consisted of 8 DoFs driven by
electric drill motors. Using digital logic based on flip-flops, the system could
perform a quadruped crawl and a diagonal walking trot.

It wasn’t soon after until computer control of legged machines became a
possibility. In 1977, following a move to the Ohio State University (OSU),
McGhee built the OSU hexapod (Figure 1.2), the first computer-controlled
walking robot (McGhee, 1985). His machine had 18 electrically actuated
DoFs that were coordinated by the computer, which mainly used its process-
ing power to solve kinematic equations and ensure static stability of the ma-
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8 Introduction

(a) (b)

Figure 1.2: (a) The OSU Hexapod (b) Hirose’s PV-II quadruped featuring a PANTOMECH
leg.

chine. The hexapod was able to perform a variety of basic gaits and showed
the ability to turn, walk sideways, and negotiate locomotion over piles of lum-
ber. The nascency of computer control and available balance control theories
dictated a great deal of the design in these systems. Gaits were designed to
be statically stable, that is, their center of mass (CoM) was design to remain
over their base of support at all times. To simplify application of this strategy,
these early computer controlled machines were designed with a wide support
base, not unlike their wheeled counterparts.

Despite the power of this early computer control approach, significant
computational resources were required for basic kinematic computations.
Drawing inspiration from the early days of legged machines, Shigeo Hi-
rose, at the Tokyo Institute of Technology, showed how clever mechanical
design could be revived to reduce the computational needs of adaptive ma-
chines. Roughly, he could embed portions of the kinematic computations into
the design of his mechanisms. Hirose developed a three-DoF pantograph leg
mechanism the PANTOMECH (Figure 1.2), where each actuator produced
approximately linear motion of the foot in the primary Cartesian directions.
Freeing up the control from kinematic computations, Hirose’s quadrupeds
(Hirose, 1984) could focus control on higher-level goals, enabling his ma-
chines to climb up and down stairs and handle obstacles. Hirose’s machines
are a representative early example of how strategic changes in mechanical
design can alleviate the burdens on control towards unlocking new levels of
performance.

During this period of active research on quadrupedal and multi-legged
machines, great strides were being made in the bipedal realm with research

Full text available at: http://dx.doi.org/10.1561/2300000044



1.2. A Brief History of Legged Robots 9

(a) (b) (c)

Figure 1.3: (a) WAP-3 (b) WABOT-1 (c) WL-10RD. Courtesy of the Humanoid Robotics
Institute, Waseda University, Tokyo.

on quasi-static walking. Professor Ichiro Kato, a pioneer of robotics in Japan,
began creating his famous bipedal machines in 1967 (Lim and Takanishi,
2007). The pneumatically actuated 2D biped WAP-1 and 3D biped WAP-3
(Figure 1.3) were capable of statically stable bipedal locomotion, with WAP-
3 representing the first time this was accomplished in 3D.

Only 6 years after the start of his work, in 1973, Kato created the first
full-scale anthropomorphic robot WABOT-1 (Kato et al., 1973). This hy-
draulically actuated machine (Figure 1.3) was capable of static walking and
was equipped with artificial ears and eyes to detect distances to objects. In
1980, Kato developed the 10 DoF biped WL-9DR which could execute quasi-
dynamic walking (during weight transfer between feet), taking an important
step away from the current practice of focus on static stability for the first
time to date.

Collectively, these advances across the globe provided the cornerstone
for adaptive walking robots. It wasn’t long, however, until new designs for
dynamic legged machines disrupted much of this previous thinking.

1.2.2 Dynamic Balance and Raibert’s Machines

Prior to the 1980s, adaptive legged machines relied largely on their static
stability to maintain balance. Whether through large feet or multiple limbs in
contact, these early machines took great effort to place their center of mass
(CoM) over their base of support. Although this strategy did not rigorously

Full text available at: http://dx.doi.org/10.1561/2300000044



10 Introduction

guarantee that the systems would not tip over during motion, when confined
to their slow conservative movements, balance was effectively ensured.

Ultimately, however, this strategy limited early machines. Indeed, hu-
mans and animals often purposefully "tip" over their support to reach far
away footholds or to let gravity do work to propel the system forward. Even
the most moderate of human walking gaits are marked by periods of static
instability where we roll over our foot naturally, knowingly placing ourselves
in a state where we require the next step to prevent a fall. This notion of
a type of balance that requires continuous motion, coined dynamic balance
by Marc Raibert, was a new idea that fueled a series of groundbreaking ma-
chines in his lab during the early 1980s. Machines that remain on the ground
do posses the opportunity to study this type of balance. Raibert, however, set
forth to design machines that would enable him to study dynamic balance in
the extreme setting – the case where legged machines also experience flight.
Creating machines which could fly through the air and regain stable contacts
however, required as much redesign mechanically as it did in control.

In 1981, Marc Raibert founded the leg lab at Carnegie Mellon Univer-
sity and began work on a new class of hopping machines. Although the first
hopping robot was actually built in Japan by Matsuoka (1980), Matsuoka’s
2D machine simplified control, operating in low effective gravity by laying
on shallow inclined table. Raibert’s machines thus were the first to regulate
balance during ballistic flight. The first machine he constructed at CMU was
a single-legged 2D hopper (Raibert and H. B. Brown, 1984), shown in Fig-
ure 1.4, weighing 8.5 kg with height around 50 cm. The machine featured
point feet and springy prismatic limbs, providing natural dynamics with a
paradigm shift away from the higher-impedance designs of previous quasi-
static locomotors. Raibert’s machines again illustrate the degree to which
paradigm changes in control and design have been historically intertwined.

As he explains in his book (Raibert, 1986), this machine was designed in
order to focus on the general mechanisms of legged balance, without the need
to focus on combinatorial issues of leg sequencing that had consumed much
academic work in the preceding decades. It was Raibert’s idea that general
mechanisms to control a single leg should be immediately applicable to the
control of so-called one-foot gaits such as human running, where a single
foot was in stance at any given time. He further reasoned that these principles

Full text available at: http://dx.doi.org/10.1561/2300000044



1.2. A Brief History of Legged Robots 11

(a) (b)

Figure 1.4: (a) Raibert’s 2D hopper and (b) 3D hopper.

of balance could be used in gaits with multiple feet in stance at a time, such
as a trot, provided that these legs work together to simulate the operation
of a single leg. These ideas ultimately came to fruition through a series of
impressive machines.

Raibert’s original single-leg 2D hopper was effectively an actuated
spring-loaded inverted pendulum (SLIP) model. The design consisted of an
actuated pneumatic leg spring that could store and release energy passively
during stance through compression and decompression of an air chamber. An-
other pneumatic actuator controlled the angle of this virtual leg. Two counter
weighting masses were attached at a distance on the body of this machine, in-
creasing its angular inertia, and placing the net CoM roughly along the axis of
the leg spring. A floor-attached boom was used to approximate planar motion
by constraining the machine to move in a sphere. This breakthrough machine
was able to maintain dynamic balance by decomposing its control law into
three roughly decoupled parts: hopping control, forward speed control, and
body attitude control. With this three-part approach, the machine could travel
up to 2.6 mph and was able to jump over small obstacles.

Following the success of this platform, Raibert built a 3D version of the
machine (Figure 1.4) and employed a 3D generalization of his three-part con-
trol decomposition (Raibert et al., 1984). This one legged machine again uti-
lized a pneumatic leg actuator for its stroke. The hopper was robust to push
disturbances and was able to move fully unconstrained in 3D at speeds of up
to 4.5 mph.

Around the same time as Raibert’s hoppers, Kato’s lab back in Japan was
also making great strides on dynamic locomotion. Using the zero-moment
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12 Introduction

(a) (b)

Figure 1.5: (a) Raibert’s quadruped and (b) 3D biped.

point (ZMP) criterion of Vukobratovic (Vukobratovic and Juricic, 1969;
Vukobratović and Stepanenko, 1972), Kato and Takanishi realized fully-
dynamic ZMP walking for the first time in the world on the WL-10RD in
1985 (Takanishi et al., 1985). This 3D biped (Figure 1.3) had 12 DoFs driven
by hydraulic actuators, was 1.43m tall, and weighted 84.5 kg.

In 1986, Raibert moved the leg lab to MIT and began work on his multi-
legged machines. Raibert and Hodgins demonstrated the applicability his pre-
vious design and control mechanisms on a 2D planar biped that was capa-
ble of top speeds of 9.5 mph (Hodgins et al., 1986). The planar biped had
two telescoping legs driven by hydraulic actuators with passive series air
springs. With the basic mechanisms of balance addressed through previous
work, Hodgins concentrated on methods to modify the gait to hop over un-
even terrain (Hodgins and Raibert, 1991) and to perform an open-loop flip
(Hodgins and Raibert, 1990).

Following the success of the planar biped, Raibert constructed a 3D
quadruped. The quadruped leg design mirrored that of its bipedal predeces-
sor with hydraulically actuated prismatic legs positioned by a set of lower
strength hydraulic cylinders. Even prior to construction, in Raibert’s mind,
quadruped trotting was already a solved problem. Raibert reasoned that trot-
ting is like having a biped at each instant, and two-legged hopping can be
treated as single virtual leg, so you should be able to run on four legs as if
they are one. By coordinating multiple legs of the quadruped to act as a single
virtual leg, the three-part decomposition was in fact able to stabilize Raibert’s
quadruped (Raibert et al., 1986).

Full text available at: http://dx.doi.org/10.1561/2300000044



1.2. A Brief History of Legged Robots 13

In his last years at MIT, Raibert worked with Robert Playter and created
one of his most impressive dynamic machines to date. The 3D biped, shown
in Figure 1.5, was able to run outside on grass, pull its operator along in a
wheeled cart, and even execute a running somersault on a treadmill (Playter
and Raibert, 1992). Like many of Raibert’s designs, control was facilitated by
placing the hip joints nearly coincident with one another and the CoM, and
by designing a high inertia torso in comparison to the legs. These strategic
design decisions reduced influences of the leg motions on the body and pre-
vented impulses along the leg from creating unwanted moments on the torso.
This design, in part, enabled Raibert’s biped to execute a range of dynamic
behaviors that still, in many ways, remain the gold standard to which other
dynamic bipeds are compared.

1.2.3 Iterating Towards the State of the Art - Dynamic Legged
Machines in the Wake of Raibert

Passive Dynamic Walking

Just as Raibert’s machines were demonstrating the capability to actively con-
trol dynamic balance, a provocative new idea was introduced by Tad McGeer
from Simon Fraser University. Similar to how clever kinematic mechanisms
were sought to simplify static locomotion in the early days of the field,
McGeer carefully designed a completely passive planar walking machine
(Figure 1.6) that led to a naturally stable dynamic gait down a gentle slope
(McGeer, 1990). While relying simply on the energetic interplay between
gravity and inertia, this passive machine seemed arguably the most lifelike
when compared with any robot to date.

Passive dynamic walkers, by nature, are not able to walk on level ter-
rains where inevitable dissipations prevent continuous steady state locomo-
tion. More recently, a number of minimally actuated walkers have been con-
structed to glean the energetic benefits of passive dynamic designs while re-
taining the capability to locomote on flat or moderately included surfaces
(Collins et al., 2005). Collins and Ruina (2005) designed the Cornell biped
(Figure 1.6) which has an energetic efficiency on par with human walking.
This system has five internal degrees of freedom and is powered by electric
motors and springs that are primarily responsible for ankle push off to restore
energy in each stride.
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(a) (b) (c)

Figure 1.6: Bipeds on the spectrum of passive design. (a) Tad McGeer’s passive 2D walker
(b) A 3D, minimally actuated walker designed by Collins and Ruina and (c) RABBIT, an
underactuated point-foot biped.

The MIT learning biped developed by Tedrake et al. (2005) utilized pas-
sive dynamic principles to achieve a nominally passive baseline gait. This
design simplified an online stochastic gradient descent algorithm enabling it
to automatically discover actuated walking control policies from a blank slate
in a matter of minutes. Martin Wisse developed a set of robots (Wisse et al.,
2007; Hobbelen et al., 2008) inspired by McGeer’s designs with once-per-
step active actuation that improved gait robustness in comparison to a purely
passive approach.

More generally, a number of underactuated (Spong, 1998) walking ma-
chines have been constructed where the number of actuators are less than the
number of degrees of freedom. Without the ability to manipulate the entirety
of system dynamics at each instance, these systems must rely on mechanical
couplings amongst the many degrees of freedom, much like in passive walk-
ers. As one prominent approach, systems utilizing the framework of Hybrid
Zero Dynamics (Westervelt et al., 2003) have demonstrated efficient, stable
walking gaits in planar walkers controlled by DC motors. By optimizing gaits
that are as close to passive as possible (as measured through actuated torque
or work-based metrics), these methods are able to utilize natural dynamics
to attain stability in spite of under actuation. Westervelt et al. (2004) showed
the applicability of the framework on the position controlled 5-link planar
biped RABBIT (Figure 1.6). Martin et al. (2014) have recently shown that
the incorporation of curved feet, as employed in the original passive dynamic
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walkers, can further push these methods towards efficient gaits in experimen-
tal machines. In practice, however, the impedance of actuators employed in
physical robots may limit the existence of any favorable natural dynamics for
HZD-based control laws to leverage.

Compliantly Actuated Bipeds

In 1992, Marc Raibert left the leg lab to found Boston Dynamics, pursing the
advancement of his legged machines to higher and higher levels of technolog-
ical readiness. Following Raibert’s departure, Gill Pratt inherited the MIT leg
lab and began new lines of research to move away from inefficient hydraulic
actuation technologies. Gill Pratt formalized a new actuation paradigm called
series elastic actuation (Pratt and Williamson, 1995), in an attempt to pro-
vide a low-impedance high-power-density electric drive. Because of the low
impedance of these actuators, they did not override the natural dynamics of
the underlying mechanisms that they control, enabling those natural dynam-
ics to potentially be exploited (Pratt, 2000b). Although Raibert’s machines
were able to accomplish this goal through the existence of series air springs,
their reliance on messy, inefficient hydraulics in series was seen as an unnec-
essary downside.

Pratts SEAs (Pratt and Williamson, 1995) were capable of 300 lbs. of
linear force and had a force-control bandwidth of 20 Hz. SEA designs were
incorporated into his robots Spring Turkey and Spring Flamingo (Figure 1.7),
enabling them to execute continuous planar walking while attached to a boom
(Pratt et al., 2001). Taking advantage of the force control capabilities of the
SEAs, Pratt was able to implement virtual impedance behavior through a
closed-loop control approach named virtual model control.

Series elastic actuation principles continue to find their way into more
recent machines. The University of Michigan’s MABEL biped (Figure 1.7),
designed by Jonathan Hurst (Park et al., 2011), incorporated large nonlinear
leaf springs into its design. This design gave rise to natural SLIP-like dynam-
ics that could be leveraged through HZD control (Poulakakis and Grizzle,
2009). These concepts were able to be applied to generate walking at 3.4
mph (Sreenath et al., 2011), robust walking over uneven terrain through re-
active gait modification (Park et al., 2013), and running at 6.8 mph (at the
time a speed record for a kneed bipedal machine) (Sreenath et al., 2013). In
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(a) (b) (c)

Figure 1.7: Compliant bipeds (a) Spring Flamingo with linear SEAs and (b) Lucy with vari-
able compliance pneumatic artificial muscles and (c) MABEL actuated using a nonlinear leaf
spring to provide compliance along the virtual leg.

comparison to DC motors alone, SEAs have also shown to enhance perfor-
mance in hopping bipeds (Knox and Schmiedeler, 2009; Curran et al., 2009;
Liu et al., 2011) and have been important in the design of modern passively
compliant quadrupeds (Hutter et al., 2010, 2011) and humanoids (Tsagarakis
et al., 2013).

Recently, other methods of achieving compliance in bipedal machines
have been proposed (Vanderborght et al., 2008a; Verrelst et al., 2005) using
pleated pneumatic artificial muscles. These actuators, used in the Lucy biped
(Figure 1.7), can actively change their compliance, providing opportunity to
tune the passive dynamics of the system and reduce energetic costs (Vander-
borght et al., 2008b). Lucy was capable of walking and executing a jump,
although running was never demonstrated.

Quadrupeds and Multilegged Machines

Ideas to reduce actuation and rely partially on compliant passive dynamics for
running permeated quadruped designs in this time as well. Scout II, designed
by Papadopoulos and Buehler (2000), was potentially the most influential of
the machines that followed. Scout II (Figure 1.8) weighed just under 21 kg
and was 0.55 m long. The machine included very minimal actuation, with
only a single hip actuator per leg along with passive leg springs. On-board
power made Scout II the first self-contained quadruped capable of running,
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(a) (b)

(c)

Figure 1.8: Minimally actuated multi-legged machines (a) Scout II (b) RHex and (c) iSprawl.

with a top speed of 1.3 m/s (Poulakakis et al., 2005, 2006). This system also
claimed the notable mark of also being the first to demonstrate galloping
in a quadruped robot (Smith and Poulakakis, 2004), although its minimal
actuation provided little authority over heading.

Other multilegged machines have been created using minimal actuation
as inspired by principles in nature. The hexapod RHex, originally designed
by Saranli et al. (2001), consisted of a single rigid body with six compliant
legs, each driven by a single actuator. The design (Figure 1.8) was motivated
by clock-driven, mechanically self-stabilizing, compliant sprawled-posture
mechanics proposed by (Full et al., 1998) as inspired by observations in the
cockroach Blaberus discoidalis. With its recirculating compliant legs, RHex
was capable to travel at one body length per second over height variations
exceeding its body clearance (Saranli et al., 2001). Despite its apparent lack
of similarities to Raibert’s original hopping machines, the design of RHex
similarly has been shown to anchor SLIP dynamics (Altendorfer et al., 2001).
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Inspiration from experiments with the cockroach informed the design of
the Sprawl series of robots around this same time as well. Using shape de-
position manufacturing (SDM), these robots out of the lab of Mark Cutkosky
were able to embed actuators and sensors into structures with locally-varying
compliance and damping (Cham et al., 2002; Kim et al., 2006). Sprawlita was
capable of running at 3.5 body lengths per second using off board pneumatic
pumps, while iSprawl (Figure 1.8) was capable of running at 15 body lengths
per second (2.3 m/s) with a completely autonomous design. More recent min-
imal designs using the Smart Composite Microstructures (SCM) process have
produced the X2-VelociRoACH (Haldane and Fearing, 2015) which is capa-
ble of running at 4.9 m/s (approximately 45 body lengths per second, which
represents a current record).

Humanoids in the ZMP domain

On the opposite end of the spectrum, the development of high DoF anthro-
pomorphic humanoid systems has attracted a vast amount of research in the
past 20 years. Bipedal systems without an upper body offer the opportunity to
focus on the balance, but do not require difficult orchestration to coordinate
the upper body with the legs. Despite this challenge, legged machines will
ultimately need to be just as adept at manipulation as locomotion in order to
interact meaningfully with the world. The upright posture of humanoids fa-
cilitates this interaction with a world designed to accommodate human forms,
further driving the field forward.

With these among other consumer market motivations, HONDA launched
a secret program to build a humanoid biped in 1986. Nearly a decade later,
in 1998, Honda unveiled their humanoid robot P2 (Hirai et al., 1998). Using
harmonic drives with a high-torque capacity and specially cast high-rigidity
mechanical structures, P2 (Figure 1.9) was the first humanoid with on-board
power and computing capable of stable walking. P2, much like its predeces-
sors from Kato’s lab, relied on the use of the ZMP for its walking control.

In the years following P2, Honda has continued to refine and improve
its humanoid systems. Honda’s ASIMO (Figure 1.9) is potentially the most
well known humanoid to date (Sakagami et al., 2002) with current versions
capable of walking, hopping, running amongst an impressive array of non
locomotion-based intelligences (Takenaka et al., 2009d,a,b,c).
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(a) (b)

Figure 1.9: Evolution to Honda’s ASIMO (a) Original P2 (1998) to (b) Modern ASIMO
(2009).

DC motors with harmonic drives have been a workhorse for many other
humanoid designs. The HRP-2 (Kaneko et al., 2002b), SONY’s QRIO (Na-
gasaka et al., 2004), and HUBO (Park et al., 2005) have all converged to a
similar actuation paradigm. All of these designs are particularly amenable
to position control and employ force sensors on the feet which are used to
measure the ZMP. All of these systems have shown the capacity to execute a
running gait (Kajita et al., 2007; Nagasaka et al., 2004; Cho et al., 2009; Tak-
enaka et al., 2009d), where running is defined as a bipedal gait having one
foot in contact at a time with a flight phase between footfalls. While these
systems technically execute a run, their high impedance actuators cause large
sensitivity to the impact velocity of the foot, and their flat-footed gaits resem-
ble conservative ZMP-based walking more closely than graceful compliant
running gaits observed in nature (Blickhan, 1989).

1.2.4 Today’s Machines

Today, laboratories and research centers around the world have access to dy-
namic legged machines actuated by high-power DC motors and hydraulics.
These robots continue to push the boundaries of speed and performance
through advances in materials, design, and control.
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Quadrupeds

Since creating Boston Dynamics (BDI), Raibert and colleagues have con-
tinued to innovate with their quadrupedal and bipedal machines. Using an
on-board 15 HP internal combustion engine to power hydraulic pumps, Big
Dog (Raibert et al., 2008) was created to be a rough-terrain robot capable
of walking, running, climbing, and carrying heavy loads. The machine was
about 3 feet long, 2.5 feet tall, and weighed 240 pounds. The machine could
trot at 4 mph, walk across rubble, snow, and mud with slopes up to 35 de-
grees. Designed under DARPA funding, the machine was also able to carry
a 340 pound load and had the capacity to autonomously follow a designated
human leader.

BDI has introduced other groundbreaking descendants of Big Dog. The
BDI cheetah, unveiled in 2012, was capable of running up to 28.3 mph with
off-board power while constrained in 2D by a boom. The BDI cheetah had an
articulated back that flexed back and forth on each step. In 2013, BDI released
a self-contained version of the BDI cheetah, named WildCat, that was able
to run untethered in 3D at speeds of up to 16 mph. WildCat could execute
high-speed turns, although detailed specifications on their performance or the
design have not been released.

Following acquisition by Google, BDI unveiled their smallest, most nim-
ble quadruped, Spot, in early 2015. Very little is known about Spot other than
a four sentence caption provided by BDI on their video release "Spot is a
four-legged robot designed for indoor and outdoor operation. It is electrically
powered and hydraulically actuated. Spot has a sensor head that helps it navi-
gate and negotiate rough terrain. Spot weighs about 160 lbs.". This new robot
is capable of walking up stairs and slopes, and has balance reflexes to respond
to disturbances such as lateral kicks.

A variety of other dynamic quadrupeds have recently been developed in
the academic realm, many outperforming BDIs machines in certain areas.
Roland Siegwart’s group at ETH recently designed the StarlETH quadruped
(Hutter et al., 2014). StarlETH (Figure 1.10) is actuated by SEAs at its joints
and is about 0.5 m long with a total weigh of 25 kg. The robot is capa-
ble to trot at speeds up to 0.7 m/s, with a cost of transport (COT) of 1.7.
This dimensionless cost of transport measures how much energy it takes to
move one kilogram one meter

(
COT = E

mgd

)
. StarlETH drastically outper-
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forms BigDog, which has an estimated COT of 15. StarlETH was capable
of a broad range of gaits (Gehring et al., 2013) and could trot over piles of
lumber (Gehring et al., 2014). Marco Hutter, one of the original designers of
StarlETH, recently introduced a more modular version of StarlETH, ANY-
mal (Hutter et al., 2016), which is able to climb steep stairs (50◦ inclination)
and trot dynamically at 0.8 m/s.

The Cheetah-Cub robot at EPFL utilized a variety of parallel and se-
ries compliant mechanisms to provide self-stable locomotion over a range of
speeds (up to 1.4 m/s) in a small quadruped (Sprowitz et al., 2013). Their de-
sign includes a spring-loaded pantograph mechanism inspired by the spring-
loaded inverted pendulum template observed in biology (Full and Koditschek,
1999). The emergent self-stability provided by the leg mechanisms enabled
central pattern generators (CPGs) to be used to generate kinematic targets
for leg trajectories, without higher-level reflex mechanisms as used in pre-
vious CPG studies (Kimura et al., 2007). Despite the use of compliance in
the design of Cheetah-Cub, the use of high-geared RC servos led to a mini-
mum cost of transport of 6.9 in experiments, over 15 times that of simulation
predictions. The use of compliant actuation strategies with lower-impedance
servo drives represents an interesting area of future potential for designs in
the spirit of Cheetah-Cub. Although smaller than many of other quadrupeds
described in this section, this 1.1 kg robot is comparatively inexpensive and
safe to handle, making it suitable to test prototype leg designs and bioinspired
control strategies.

The MIT Cheetah robots have further pushed the boundaries of energetic
efficiency with their unique high-force proprioceptive actuators (Seok et al.,
2015). By incorporating large gap radius brushless DC motors into the leg
design (Seok et al., 2012), the MIT Cheetah robots are able to obtain high
torque density actuation without the traditional need for a large, lossy, staged
gearbox. The MIT Cheetah 1 was constrained to operate in 2D and was capa-
ble to run up to 6 m/s with a COT of 0.5, on par with the energetic efficiency
of actual cheetahs. Due to the unique actuator design, the Cheetah is able to
emulate passive springs and dampers without the need to incorporate them
physically into the design.

In a subsequent redesign, the MIT Cheetah 2 (Figure 1.10) has achieved a
COT of 0.47 while running unconstrained in 3D with on-board power. Chee-
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(a)

(b) (c)

Figure 1.10: Modern Quadrupeds (a) StarlETH (b) MIT Cheetah 2 and (c) HyQ.

tah 2 is capable to run at speeds up to 6 m/s, and has shown the ability to
autonomously jump over obstacles (Park et al., 2015a,b). The feat of landing
an autonomous running jump had not previously been demonstrated in a ex-
perimental quadruped machine. While due in part to its control system, the
ability to land the jump successfully is partially enabled by the backdrivabil-
ity of the leg design which prevents otherwise prohibitively large impulses
from causing structural damage.

Perhaps most similar in design to Big Dog and its predecessors, the hy-
draulic quadruped HyQ (Figure 1.10) was recently built in the advanced
robotics department at IIT by Claudio Semini (Semini et al., 2011). HyQ is
equipped with a combination of 12 torque-controlled hydraulic and electric
actuators, is 1 m tall, and weighs around 90kg. While through a completely
separate design paradigm from the MIT Cheetah robots, HyQ is also able to
emulate passive springs and dampers with careful closed-loop force control
on its hydraulic DoFs (Semini et al., 2015). Through the incorporation of vi-
sion, this platform has shown the capacity to navigate a variety of challenging
terrains (Bazeille et al., 2014; Winkler et al., 2014).
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(a) (b) (c)

Figure 1.11: Modern Humanoids (a) LOLA, actuated by DC motors, (b) COMAN, actuated
by DC Motor SEAs, and (c) ATLAS, actuated by high-power hydraulics.

Humanoids and Bipeds

Advances in DC motor, SEA, and hydraulic servo valve designs have also
pushed the envelope in the performance capabilities of bipedal and hu-
manoid machines. Taking insights from the design of JOHNNIE (Gienger
et al., 2001), researchers at the Technical University of Munich designed the
25 DoF humanoid LOLA (Lohmeier et al., 2006) to study fast human-like
walking. LOLA (Figure 1.11) is 180 cm tall and weights approximately 55
kg. The robot is driven by modular brushless motor modules and features
lightweight 7 DoF legs to enable dynamic performance sufficient for fast
walking (Lohmeier et al., 2009). LOLA has been able to walk at speeds of up
to 3.34 km/h. Modular design strategies have also been employed in the con-
struction of TORO (Englsberger et al., 2014), DLRs new torque-controlled
humanoid, which uses similar integrated DC motor and torque sense hard-
ware to the DLR lightweight robot (Hirzinger et al., 2002).

Series elastic actuation has begun to be incorporated into many modern
humanoid designs. Both the Valkyrie (Radford et al., 2015), built at NASA
Johnson space center, and COMAN (Tsagarakis et al., 2013), built at IIT, in-
clude joint SEAs that enable naturally compliant operation and joint-torque
control. Valkyrie stands 1.87m tall and weighs 129 kg, while COMAN (Fig-
ure 1.11) stands 0.95m tall and weighs 31.2kg. The incorporation of SEAs
into humanoid designs is still a very new trend, with the capabilities of these
machines yet to reach their peak performance.
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A number of other humanoids were designed to compete in the recent
DAPRA robotics challenge (DRC), many within the traditional DC-servo mo-
tor design framework. As a notable exception, the ATLAS robot (Figure 1.11)
used by multiple teams at the DRC was powered by on-board hydraulics for
28 actuated joints. ATLAS, designed by Boston Dynamics, is 1.88m tall and
weighs 150kg (Boston Dynamics) with on board batteries and an integrated
vision sensor suite.

With the focus on humanoid robotics in recent years, there have been
comparatively less developments in bipedal machines. ATRIAS, however, is
a recent 3D biped, built at Oregon State by Jonathan Hurst and colleagues,
(Grimes and Hurst, 2012; Hereid et al., 2014) that has been designed to oper-
ate like a physical spring-loaded inverted pendulum model. ATRIAS strives
towards this aim by employing large series springs in similar spirit to Hurst’s
previous designs. The robot has shown the ability to walk at speeds up to 1.2
m/s using a single set of optimization-inspired heuristics for control (Reza-
zadeh et al., 2015) and has shown empirical robustness to a wide variety of
terrain disturbances in laboratory settings.

1.3 Challenges of Current Machines

Across the legged robots that dominate today’s state of the art, designs have
slowly converged towards supporting an ability to regulate force-based inter-
actions with the environment. Whether through series elastic actuators, hy-
draulic actuators, or transparent DC electric motors, many of the most suc-
cessful legged robots today manage balance through torque control at their
joints. As future robots transition into less structured environments, this abil-
ity to be cognizant of interactions with the world will remain a priority in
designs. Chapter 2 discusses some of the main challenges to actuator design
in legged robots and discusses a recently developed technology called propri-
oceptive actuators in order to meet the needs of today’s legged machines.

The rapid progress in locomotion technologies in recent years makes it
clear that legged robots may soon roam beyond the lab. For legged robots
to reach their full impact, they will need to extend their operational lifetime
both in terms of reliability and energetic economy. Both of these aspects are
incredibly complex due to the underlying interplay between so many con-
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tributing factors. Reliability will likely come with maturity of the field and
technological components. Engergetics however, are a concern that require
careful consideration in design. Energetics seems like something that should
be able to be modeled. However, the factors that influence it rank among those
that are most difficult to capture with accuracy. Chapter 3 further discusses
philosophical perspectives on designing for energetic efficiency.

Grown out of both footstep placement in the spring-mass machines of
Raibert to ZMP control in the humanoid walkers in 90’s, current machines are
able to take full advantage of both stepping and ground force shaping in their
methods to maintain balance. These diverse modes of operation place unique
demands on the more than simply the actuation systems. The design of legs
themselves must be capable to handle high force and high-bandwidth loading
patterns while minimizing weight to enable rapid replacement in flight. While
this tradeoff has held true throughout the history of legged locomotion, the
diverse functional requirements induced from more flexible control have only
added to the challenge. Chapter 4 discusses trends in leg design and offers a
case study using principles from observations in biology to design a leg for
the MIT Cheetah.

Following these three Chapters on more detailed considerations in design,
Chapter 5 concludes with a summary of future directions and applications.

Full text available at: http://dx.doi.org/10.1561/2300000044



References

R. Altendorfer, U. Saranli, H. Komsuoglu, D. Koditschek, J. Brown, H. Benjamin,
M. Buehler, N. Moore, D. McMordie, and R. Full. Evidence for spring loaded
inverted pendulum running in a hexapod robot. In D. Rus and S. Singh, editors,
Experimental Robotics VII, volume 271 of Lecture Notes in Control and Informa-
tion Sciences, pages 291–302. Springer Berlin Heidelberg, 2001.

A. Ananthanarayanan, M. Azadi, and S. Kim. Towards a bio-inspired leg design for
high-speed running. Bioinspiration & Biomimetics, 7(4):046005, 2012.

S. Bazeille, V. Barasuol, M. Focchi, I. Havoutis, M. Frigerio, J. Buchli, D. Caldwell,
and C. Semini. Quadruped robot trotting over irregular terrain assisted by stereo-
vision. Intelligent Service Robotics, 7(2):67–77, 2014.

P. Bhounsule, J. Cortell, and A. Ruina. Design and control of ranger: An energy-
efficient, dynamic walking robot. In CLAWAR 2012 - Proceedings of the 15th
International Conference on Climbing and Walking Robots and the Support Tech-
nologies for Mobile Machines, pages 441–448, July 2012.

A. A. Biewener. Biomechanical consequences of scaling. Journal of Experimental
Biology, 208(9):1665–1676, 2005.

R. Blickhan. The spring-mass model for running and hopping. Journal of Biome-
chanics, 22(11-12):1217–1227, 1989.

M. F. Bobbert, M. R. Yeadon, and B. M. Nigg. Mechanical analysis of the landing
phase in heel-toe running. Journal of Biomechanics, 25(3):223–234, 1992.

Boston Dynamics. Atlas: Anthropomorphic robot. URL http:
//archive.darpa.mil/roboticschallengetrialsarchive/
files/ATLAS-Datasheet_v15_DARPA.PDF.

61

Full text available at: http://dx.doi.org/10.1561/2300000044

http://archive.darpa.mil/roboticschallengetrialsarchive/files/ATLAS-Datasheet_v15_DARPA.PDF
http://archive.darpa.mil/roboticschallengetrialsarchive/files/ATLAS-Datasheet_v15_DARPA.PDF
http://archive.darpa.mil/roboticschallengetrialsarchive/files/ATLAS-Datasheet_v15_DARPA.PDF


62 References

D. Carter and W. Hayes. Bone compressive strength: the influence of density and
strain rate. Science, 194(4270):1174–1176, 1976.

J. G. Cham, S. A. Bailey, J. E. Clark, R. J. Full, and M. R. Cutkosky. Fast and robust:
Hexapedal robots via shape deposition manufacturing. The International Journal
of Robotics Research, 21(10-11):869–882, 2002.

M. Cheng, W. Chen, and T. Weerasooriya. Mechanical properties of Kevlar R© KM2
single fiber. Journal of Engineering Materials and Technology, 127(2):197–203,
2005.

B.-K. Cho, S.-S. Park, and J.-H. Oh. Controllers for running in the humanoid robot,
HUBO. In Proceedings of the Proceedings of the IEEE-RAS International Con-
ference on Humanoid Robots, pages 385–390, Paris, France, Dec. 2009.

J. E. Clark, D. I. Goldman, T. S. Chen, R. J. Full, and D. Koditschek. Toward a
Dynamic Vertical Climbing Robot. In Proceedings of the 9th International Con-
ference on Climbing and Walking Robots,, 2006.

S. Collins, A. Ruina, R. Tedrake, and M. Wisse. Efficient bipedal robots based on
passive-dynamic walkers. Science, 307(5712):1082–1085, 2005.

S. H. Collins and A. Ruina. A bipedal walking robot with efficient and human-
like gait. In Proceedings of the IEEE International Conference on Robotics and
Automation, pages 1983–1988, Barcelona, Spain, April 2005.

S. Curran, B. T. Knox, J. P. Schmiedeler, and D. E. Orin. Design of series-elastic
actuators for dynamic robots with articulated legs. J. of Mechanisms and Robotics,
1(1):011006:1–9, 2009.

J. Englsberger, A. Werner, C. Ott, B. Henze, M. Roa, G. Garofalo, R. Burger,
A. Beyer, O. Eiberger, K. Schmid, and A. Albu-Schaffer. Overview of the torque-
controlled humanoid robot toro. In The 14th Proceedings of the IEEE-RAS Inter-
national Conference on Humanoid Robots (Humanoids), pages 916–923, Novem-
ber 2014.

S. D. Eppinger and W. P. Seering. Three dynamic problems in robot force control. In
Proceedings of the IEEE International Conference on Robotics and Automation,
pages 392–397. IEEE, 1989.

R. J. Full and D. E. Koditschek. Templates and anchors: neuromechanical hypotheses
of legged locomotion on land. Journal of Experimental Biology, 202(23):3325–
3332, 1999.

R. J. Full, K. Autumn, J. I. Chung, and A. Ahn. Rapid negotiation of rough terrain
by the death-head cockroach. American Zoologist, 38(81A), 1998.

S. K. G. Folkertsma and S. Stramigioli. Parallel stiffness in a bounding quadruped
with flexible spine. In Proceedings of the IEEE/RSJ International Conference on
Intelligent Robots and Systems, October 2012.

Full text available at: http://dx.doi.org/10.1561/2300000044



References 63

K. Galloway, G. Haynes, B. D. Ilhan, A. Johnson, R. Knopf, G. Lynch, B. Plotnick,
M. White, and D. Koditschek. X-RHex: A Highly Mobile Hexapedal Robot for
Sensorimotor Tasks. Technical report, University of Pennsylvania, 2010.

C. Gehring, S. Coros, M. Hutter, M. Bloesch, M. Hoepflinger, and R. Siegwart. Con-
trol of dynamic gaits for a quadrupedal robot. In Proceedings of the IEEE Inter-
national Conference on Robotics and Automation, pages 3287–3292, May 2013.

C. Gehring, S. Coros, M. Hutter, M. Bloesch, P. Fankhauser, M. Hoepflinger, and
R. Siegwart. Towards automatic discovery of agile gaits for quadrupedal robots. In
Proceedings of the IEEE International Conference on Robotics and Automation,
pages 4243–4248, May 2014.

M. Gienger, K. Loffler, and F. Pfeiffer. Towards the design of a biped jogging
robot. In Proceedings of the Proceedings of the IEEE International Conference
on Robotics and Automation, volume 4, pages 4140–4145, 2001.

J. A. Grimes and J. W. Hurst. The design of atrias 1.0 a unique monopod, hopping
robot. In Proceedings of the 2012 International Conference on Climbing and
walking Robots and the Support Technologies for Mobile Machines, pages 548–
554, 2012.

S. Groothuis, R. Carloni, and S. Stramigioli. A novel variable stiffness mechanism
capable of an infinite stiffness range and unlimited decoupled output motion. Ac-
tuators 2014, 3(2):107–123, 2014.

M. Haberland and S. Kim. On extracting design principles from biology: Ii. case
study—the effect of knee direction on bipedal robot running efficiency. Bioinspi-
ration & Biomimetics, 10(1):016011, 2015.

M. Haberland, J. Karssen, S. Kim, and M. Wisse. The effect of swing leg retraction
on running energy efficiency. In Proceedings of the IEEE/RSJ International Con-
ference on Intelligent Robots and Systems, pages 3957–3962, September 2011.

D. W. Haldane and R. S. Fearing. Running beyond the bio-inspired regime. In
Proceedings of the IEEE International Conference on Robotics and Automation,
pages 4539–4546, May 2015.

G. Haynes, A. Khripin, G. Lynch, J. Amory, A. Saunders, A. Rizzi, and
D. Koditschek. Rapid pole climbing with a quadrupedal robot. In Proceedings
of the IEEE International Conference on Robotics and Automation, pages 2767–
2772. IEEE, May 2009.

A. Hereid, S. Kolathaya, M. S. Jones, J. Van Why, J. W. Hurst, and A. D. Ames.
Dynamic multi-domain bipedal walking with atrias through slip based human-
inspired control. In Proceedings of the 17th International Conference on Hybrid
Systems: Computation and Control, pages 263–272, 2014.

Full text available at: http://dx.doi.org/10.1561/2300000044



64 References

A. V. Hill. The dimensions of animals and their muscular dynamics. Science
Progress, 38(150):209–230, April 1950.

K. Hirai, M. Hirose, Y. Haikawa, and T. Takenaka. The development of honda hu-
manoid robot. In Proceedings of the IEEE International Conference on Robotics
and Automation, volume 2, pages 1321–1326, May 1998.

S. Hirose. A study of design and control of a quadruped walking vehicle. The
International Journal of Robotics Research, 3(2):113–133, 1984.

G. Hirzinger, N. Sporer, A. Albu-Schaffer, M. Hahnle, R. Krenn, A. Pascucci, and
M. Schedl. DLR’s torque-controlled light weight robot III-are we reaching the
technological limits now? In Proceedings of the IEEE International Conference
on Robotics and Automation, volume 2, pages 1710–1716. IEEE, 2002.

D. Hobbelen, T. de Boer, and M. Wisse. System overview of bipedal robots flame
and tulip: tailor-made for limit cycle walking. In Proceedings of the IEEE/RSJ
International Conference on Intelligent Robots and Systems, pages 2486–2491,
Nice, France, September 2008.

J. Hodgins, J. Koechling, and M. H. Raibert. Running experiments with a planar
biped. Third International Symposium on Robotics Research. MIT Press, Cam-
bridge, 1986.

J. K. Hodgins and M. H. Raibert. Adjusting step length for rough terrain locomotion.
IEEE Trans. on Robotics and Automation, 7(3):289–298, June 1991.

J. K. Hodgins and M. H. Raibert. Biped gymnastics. The International Journal of
Robotics Research, 9(2):115–128, April 1990.

N. Hogan. Impedance control: An approach to manipulation: Part I-theory, Part II-
implementation, Part III-applications. Journal of Dynamic Systems, Measurement,
and Control, 107(1):1–24, 1985.

J. Hurst, J. Chestnutt, and A. Rizzi. The actuator with mechanically adjustable series
compliance. IEEE Transactions on Robotics, 26(4), August 2010.

M. Hutter, C. Remy, M. Hopflinger, and R. Siegwart. SLIP running with an artic-
ulated robotic leg. In Proceedings of the IEEE/RSJ International Conference on
Intelligent Robots and Systems, pages 4934–4939, October 2010.

M. Hutter, C. Remy, M. Hoepflinger, and R. Siegwart. ScarlETH: Design and control
of a planar running robot. In Proceedings of the IEEE/RSJ International Confer-
ence on Intelligent Robots and Systems, pages 562 –567, September 2011.

M. Hutter, C. Gehring, M. Hopflinger, M. Blosch, and R. Siegwart. Toward com-
bining speed, efficiency, versatility, and robustness in an autonomous quadruped.
IEEE Transactions on Robotics, 30(6):1427–1440, December 2014.

Full text available at: http://dx.doi.org/10.1561/2300000044



References 65

M. Hutter, C. Gehring, D. Jud, A. Lauber, C. D. Bellicoso, V. Tsounis, J. Hwangbo,
K. Bodie, P. Fankhauser, M. Bloesch, R. Diethelm, S. Bachmann, A. Melzer, and
M. Hoepflinger. ANYmal - a highly mobile and dynamic quadrupedal robot. In
Proceedings of the IEEE/RSJ International Conference on Intelligent Robots and
Systems, pages 38–44, 2016.

S. Kajita, T. Nagasaki, K. Kaneko, and H. Hirukawa. ZMP-based biped running
control. IEEE Robotics and Automation Magazine, 14(2):63–72, June 2007.

K. Kaneko, S. Kajita, F. Kanehiro, K. Yokoi, K. Fujiwara, H. Hirukawa, T. Kawasaki,
M. Hirata, and T. Isozumi. Design of Advanced Leg Module for Humanoid
Robotics Project of METI. In International Conference on Robotics & Automa-
tion, number May, pages 38–45. IEEE, 2002a.

K. Kaneko, F. Kanehiro, S. Kajita, K. Yokoyama, K. Akachi, T. Kawasaki, S. Ota,
and T. Isozumi. Design of prototype humanoid robotics platform for HRP. In
Proceedings of the IEEE/RSJ International Conference on Intelligent Robots and
Systems, volume 3, pages 2431–2436, 2002b.

I. Kato, S. Ohteru, H. Kobayashi, K. Shirai, and A. Uchiyama. Information-power
machine with senses and limbs. In Proceedings CISM-IFToMM Symposium on
Theory and Practice of Robots and Manipulators, pages 12–24, 1973.

G. Kenneally, A. De, and D. E. Koditschek. Design principles for a family of direct-
drive legged robots. IEEE Robotics and Automation Letters, 1(2):900–907, July
2016.

B.-S. Kim, Y.-L. Kim, and J.-B. Song. Preliminary experiments on robotic assem-
bly using a hybrid-type variable stiffness actuator. In IEEE/ASME International
Conference on Advanced Intelligent Mechatronics, July 2011.

S. Kim, J. E. Clark, and M. R. Cutkosky. iSprawl: Design and tuning for high-speed
autonomous open-loop running. The International Journal of Robotics Research,
25(9):903–912, 2006.

S. Kim, M. Spenko, S. Trujillo, B. Heyneman, D. Santos, and M. Cutkosky. Smooth
Vertical Surface Climbing With Directional Adhesion. IEEE Transactions on
Robotics, 24(1):65–74, February 2008.

H. Kimura, Y. Fukuoka, and A. H. Cohen. Adaptive dynamic walking of a quadruped
robot on natural ground based on biological concepts. The International Journal
of Robotics Research, 26(5):475–490, 2007.

C. Knabe, B. Lee, V. Orekhov, and D. Hong. Design of a compact, lightweight, elec-
tromechanical linear series elastic actuator. In ASME 2014 International Design
Engineering Technical Conferences and Computers and Information in Engineer-
ing Conference. American Society of Mechanical Engineers, 2014.

Full text available at: http://dx.doi.org/10.1561/2300000044



66 References

B. T. Knox and J. P. Schmiedeler. A unidirectional series-elastic actuator design
using a spiral torsion spring. Journal of Mechanical Design, 131(12):125001:1–
5, 2009.

K. Kong, J. Bae, and M. Tomizuka. A compact rotary series elastic actuator for
human assistive systems. IEEE/ASME Transactions on Mechatronics, 17(2), April
2012.

A. Kugi, C. Ott, A. Albu-Schaffer, and G. Hirzinger. On the passivity-based
impedance control of flexible joint robots. IEEE Transactions on Robotics, 24
(2):416–429, 2008.

B. G. A. Lambrecht, A. D. Horchler, and R. D. Quinn. A Small , Insect-Inspired
Robot that Runs and Jumps. In Proceedings of the IEEE International Conference
on Robotics and Automation, number April, pages 1240–1245. IEEE, 2005.

P. Lamon, A. Krebs, M. Lauria, R. Siegwart, and S. Shooter. Wheel torque control
for a rough terrain rover. In Robotics and Automation, 2004. Proceedings. ICRA
’04. 2004 IEEE International Conference on, volume 5, pages 4682–4687, April
2004.

H.-o. Lim and A. Takanishi. Biped walking robots created at waseda university: Wl
and wabian family. Philosophical Transactions of the Royal Society of London A:
Mathematical, Physical and Engineering Sciences, 365(1850):49–64, 2007.

Y. Liu, P. Wensing, D. Orin, and J. Schmiedeler. Fuzzy controlled hopping in a biped
robot. In Proceedings of the IEEE Int. Conf. on Robotics and Automation, pages
1982–1989, May 2011.

S. Lohmeier, T. Buschmann, H. Ulbrich, and F. Pfeiffer. Modular joint design for
performance enhanced humanoid robot LOLA. In Proceedings of the IEEE Inter-
national Conference on Robotics and Automation, pages 88–93, May 2006.

S. Lohmeier, T. Buschmann, and H. Ulbrich. System design and control of anthro-
pomorphic walking robot LOLA. IEEE/ASME Transactions on Mechatronics, 14
(6):658–666, December 2009.

E. Lucas. Huitieme recreation - la machine a marcher. Récréations Mathématiques,
4:198–204, 1894.

L. D. Maes, M. Herbin, R. Hackert, V. L. Bels, and A. Abourachid. Steady locomo-
tion in dogs: temporal and associated spatial coordination patterns and the effect
of speed. Journal of Experimental Biology, 211(1):138–149, 2008.

A. E. Martin, D. C. Post, and J. P. Schmiedeler. Design and experimental implemen-
tation of a hybrid zero dynamics-based controller for planar bipeds with curved
feet. The International Journal of Robotics Research, 33(7):988–1005, 2014.

Full text available at: http://dx.doi.org/10.1561/2300000044



References 67

T. H. Massie and J. K. Salisbury. The PHANTOM haptic interface: A device for
probing virtual objects. In Proceedings of the ASME winter annual meeting, sym-
posium on haptic interfaces for virtual environment and teleoperator systems, vol-
ume 55, pages 295–300. IOS Press, 1994.

K. Matsuoka. A mechanical model of repetitive hopping movements (in Japanese).
Biomechanisms, 5:251–258, 1980.

T. McGeer. Passive dynamic walking. International Journal of Robotics Research,
9(2):62–82, April 1990.

R. B. McGhee. Some finite state aspects of legged locomotion. Mathematical Bio-
sciences, 2(1–2):67–84, 1968.

R. B. McGhee. Vehicular legged locomotion. Advances in Automation and Robotics,
1(259-284), 1985.

R. B. McGhee and A. A. Frank. On the stability properties of quadruped creeping
gaits. Mathematical Biosciences, 3:331–351, 8 1968.

R. A. Morrison. Iron mule train. In Proceedings of Off-Road Mobility Research
Symposium, pages 381–400, 1968.

R. Mosher and R. Liston. A versatile walking truck. In Proceedings of the Trans-
portation Engineering Conference., pages 255–268, 1968.

K. Nagasaka, Y. Kuroki, S. Suzuki, Y. Itoh, and J. Yamaguchi. Integrated motion
control for walking, jumping and running on a small bipedal entertainment robot.
In Proceedings of the IEEE International Conference on Robotics and Automa-
tion, volume 4, pages 3189–3194, April 2004.

J. G. Nichol, S. P. Singh, K. J.Waldron, L. R. P. III, and D. E. Orin. System De-
sign of a Quadrupedal Galloping Machine. The International Journal of Robotics
Research, 23(10-11):1013–1027, October 2004.

D. Papadopoulos and M. Buehler. Stable running in a quadruped robot with compli-
ant legs. In Proceedings of the IEEE International Conference on Robotics and
Automation, volume 1, pages 444–449, 2000.

H.-W. Park, K. Sreenath, J. Hurst, and J. Grizzle. Identification of a bipedal robot
with a compliant drivetrain. IEEE Control Systems, 31(2):63–88, April 2011.

H.-W. Park, A. Ramezani, and J. Grizzle. A finite-state machine for accommodat-
ing unexpected large ground-height variations in bipedal robot walking. IEEE
Transactions on Robotics, 29(2):331–345, 2013.

H.-W. Park, S. Park, and S. Kim. Variable-speed quadrupedal bounding using im-
pulse planning: Untethered high-speed 3D running of MIT Cheetah 2. In Proceed-
ings of the IEEE International Conference on Robotics and Automation, 2015a.

Full text available at: http://dx.doi.org/10.1561/2300000044



68 References

H.-W. Park, P. Wensing, and S. Kim. Online planning for autonomous running jumps
over obstacles in high-speed quadrupeds. In Proceedings of Robotics: Science and
Systems, Rome, Italy, July 2015b.

I.-W. Park, J.-Y. Kim, J. Lee, and J.-H. Oh. Mechanical design of humanoid robot
platform KHR-3 (KAIST humanoid robot 3: HUBO). In Proceedings of the IEEE-
RAS International Conference on Humanoid Robots, pages 321–326, December
2005.

S. Perreault and C. M. Gosselin. Cable-Driven Parallel Mechanisms: Application to
a Locomotion Interface. Journal of Mechanical Design, 130(10):102301, 2008.

F. Petit, M. Chalon, W. Friedl, M. Grebenstein, A. Albu-Schäffer, and G. Hirzinger.
Bidirectional antagonistic variable stiffness actuation: Analysis, design and im-
plementation. In Proceedings of the IEEE International Conference on Robotics
and Automation, May 2010.

R. Playter and M. Raibert. Control of a biped somersault in 3D. In Proceedings of the
IEEE/RSJ International Conference on Intelligent Robots and Systems, volume 1,
pages 582–589, July 1992.

I. Poulakakis and J. Grizzle. The spring loaded inverted pendulum as the hybrid zero
dynamics of an asymmetric hopper. IEEE Transactions on Automatic Control, 54
(8):1779–1793, August 2009.

I. Poulakakis, J. A. Smith, and M. Buehler. Modeling and experiments of untethered
quadrupedal running with a bounding gait: The Scout II robot. The International
Journal of Robotics Research, 24(4):239–256, 2005.

I. Poulakakis, J. A. Smith, and M. Buehler. On the dynamics of bounding and ex-
tensions: Towards the half-bound and gallop gaits. In H. Kimura, K. Tsuchiya,
A. Ishiguro, and H. Witte, editors, Adaptive Motion of Animals and Machines,
pages 79–88. Springer Tokyo, 2006.

G. Pratt. Legged robots at MIT: what’s new since Raibert? IEEE Robotics & Au-
tomation Magazine, 7(3):15–19, 2000a.

G. Pratt and M. Williamson. Series elastic actuators. Proceedings of the IEEE/RSJ
International Conference on Intelligent Robots and Systems. Human Robot Inter-
action and Cooperative Robots, 1(1524):399–406, 1995.

G. A. Pratt. Legged robots at MIT: what’s new since Raibert? IEEE Robotics &
Automation Magazine, 7(3):15–19, September 2000b.

G. A. Pratt. Low impedance walking robots. Integrative and comparative biology,
42(1):174–81, February 2002.

J. Pratt and G. Pratt. Intuitive control of a planar bipedal walking robot. Proceedings
of the IEEE International Conference on Robotics and Automation, 3:2014–2021,
1998.

Full text available at: http://dx.doi.org/10.1561/2300000044



References 69

J. Pratt, J. Carff, S. Drakunov, and A. Goswami. Capture point: A step toward hu-
manoid push recovery. In Proceedings of the IEEE-RAS International Conference
on Humanoid Robots, pages 200 –207, December 2006.

J. Pratt, C.-M. Chew, A. Torres, P. Dilworth, and G. Pratt. Virtual model control: An
intuitive approach for bipedal locomotion. The International Journal of Robotics
Research, 20(2):129–143, 2001.

N. A. Radford, P. Strawser, K. Hambuchen, J. S. Mehling, W. K. Verdeyen, A. S.
Donnan, J. Holley, J. Sanchez, V. Nguyen, L. Bridgwater, R. Berka, R. Ambrose,
M. Myles Markee, N. J. Fraser-Chanpong, C. McQuin, J. D. Yamokoski, S. Hart,
R. Guo, A. Parsons, B. Wightman, P. Dinh, B. Ames, C. Blakely, C. Edmondson,
B. Sommers, R. Rea, C. Tobler, H. Bibby, B. Howard, L. Niu, A. Lee, M. Conover,
L. Truong, R. Reed, D. Chesney, R. Platt, G. Johnson, C.-L. Fok, N. Paine, L. Sen-
tis, E. Cousineau, R. Sinnet, J. Lack, M. Powell, B. Morris, A. Ames, and J. Akiny-
ode. Valkyrie: NASA’s first bipedal humanoid robot. Journal of Field Robotics,
32(3):397–419, 2015.

M. H. Raibert and J. H. B. Brown. Experiments in balance with a 2D one-legged
hopping machine. Journal of Dynamic Systems, Measurement, and Control, 106
(1):75–81, 1984.

M. H. Raibert, M. Chepponis, and J. Brown, H.B. Running on four legs as though
they were one. IEEE Journal of Robotics and Automation, 2(2):70–82, June 1986.

M. H. Raibert. Legged robots. Communications of the ACM, 29(6):499–514, June
1986.

M. H. Raibert, H. B. Brown, M. Chepponis, E. Hastings, J. Koechling, K. N. Murphy,
S. S. Murthy, and A. J. Stentz. Dynamically Stable Legged Locomotion. Technical
report, The Robotics Institute and Department of Computer Science Carnegie-
Mellon University, Pittsburgh, PA. 15213, Pittsburgh, 1983.

M. H. Raibert, H. B. Brown, and M. Chepponis. Experiments in balance with a 3D
one-legged hopping machine. The International Journal of Robotics Research, 3
(2):75–92, 1984.

M. H. Raibert, H. B. Brown, M. Chepponis, J. Koechling, J. K. Hodgins, D. Dust-
man, W. K. Brennan, D. S. Barrett, C. M. Thompson, J. D. Hebert, W. Lee, and
L. Borvansky. Dynamically stable legged locomotion. Technical report, MIT,
Cambridge, 1989.

M. Raibert, K. Blankespoor, G. Nelson, and R. Playter. Bigdog, the rough-terrain
quadruped robot. In The International Federation of Automatic Control, pages
10822–10825, Seoul, Korea, July 2008.

Full text available at: http://dx.doi.org/10.1561/2300000044



70 References

S. Rezazadeh, C. Hubicki, M. Jones, A. Peekema, J. Van Why, A. Abate, and J. Hurst.
Spring-mass walking with atrias in 3D: Robust gait control spanning zero to 4.3
kph on a heavily underactuated bipedal robot. In ASME Dynamic Systems and
Control Conference, pages V001T04A003:1–10, 2015.

J.-Y. Rho, L. Kuhn-Spearing, and P. Zioupos. Mechanical properties and the hierar-
chical structure of bone. Medical Engineering & Physics, 20(2):92–102, March
1998.

D. W. Robinson. Design and Analysis of Series Elasticity in Closed-Loop Actuator
Force Control. PhD thesis, Massachusetts Institute of Technology, 2000.

K. E. Rudman, R. M. Aspden, and J. R. Meakin. Compression or tension? The
stress distribution in the proximal femur. Biomedical Engineering Online, 5(1):
12, January 2006.

L. A. Rygg. Mechanical horse. Technical report, US Patent number 491,927, 1893.

C. C. S. Pellegrino. Matrix analysis of statically and kinematically indeterminate
frameworks. International Journal of Solids and Structures, 22(4):409–428, 1986.

Y. Sakagami, R. Watanabe, C. Aoyama, S. Matsunaga, N. Higaki, and K. Fujimura.
The intelligent ASIMO: system overview and integration. In IEEE/RSJ Int. Conf.
on Intelligent Robots and Systems, volume 3, pages 2478–2483, 2002.

U. Saranli. RHex: A Simple and Highly Mobile Hexapod Robot. The International
Journal of Robotics Research, 20(7):616–631, July 2001.

U. Saranli, M. Buehler, and D. E. Koditschek. RHex: A simple and highly mo-
bile hexapod robot. The International Journal of Robotics Research, 20:616–631,
2001.

R. Schiavi, G. Grioli, S. Sen, and A. Bicchi. VSA-II: A novel prototype of variable
stiffness actuator for safe and performing robots interacting with humans. In 2008
Proceedings of the IEEE International Conference on Robotics and Automation,
May 2008.

R. T. Schroer, M. J. Boggess, R. J. Bachmann, R. D. Quinn, and R. E. Ritzmann.
Comparing cockroach and whegs robot body motions. In Robotics and Automa-
tion, 2004. Proceedings. ICRA’04. 2004 IEEE International Conference on, vol-
ume 4, pages 3288–3293. IEEE, 2004.

C. Semini, N. G. Tsagarakis, E. Guglielmino, M. Focchi, F. Cannella, and D. G.
Caldwell. Design of HyQ – a hydraulically and electrically actuated quadruped
robot. Journal of Systems and Control Engineering, 225(6):831–849, 2011.

C. Semini, V. Barasuol, T. Boaventura, M. Frigerio, M. Focchi, D. G. Caldwell, and
J. Buchli. Towards versatile legged robots through active impedance control. The
International Journal of Robotics Research, 34(7):1003–1020, 2015.

Full text available at: http://dx.doi.org/10.1561/2300000044



References 71

S. Seok, A. Wang, D. Otten, and S. Kim. Actuator design for high force propriocep-
tive control in fast legged locomotion. In Proceedings of the IEEE/RSJ Interna-
tional Conference on Intelligent Robots and Systems, pages 1970–1975, October
2012.

S. Seok, A. Wang, M. Chuah, D. J. Hyun, J. Lee, D. Otten, J. Lang, and S. Kim.
Design principles for energy-efficient legged locomotion and implementation on
the mit cheetah robot. IEEE/ASME Transactions on Mechatronics, 20(3):1117–
1129, June 2015.

X. Shen and M. Goldfarb. Simultaneous Force and Stiffness Control of a Pneumatic
Actuator. Journal of Dynamic Systems, Measurement, and Control, 129(4):425,
July 2007.

J. Smith and I. Poulakakis. Rotary gallop in the untethered quadrupedal robot Scout
II. In Proceedings of the IEEE/RSJ International Conference on Intelligent Robots
and Systems, volume 3, pages 2556–2561, 2004.

M. J. Spenko, G. C. Haynes, J. A. Saunders, M. R. Cutkosky, A. A. Rizzi, R. J. Full,
and D. E. Koditschek. Biologically inspired climbing with a hexapedal robot.
Journal of Field Robotics, 25(4-5):223–242, April 2008.

M. Spong. Underactuated mechanical systems. In B. Siciliano and K. Valavanis, edi-
tors, Control Problems in Robotics and Automation, volume 230 of Lecture Notes
in Control and Information Sciences, pages 135–150. Springer Berlin Heidelberg,
1998.

A. Sprowitz, A. Tuleu, M. Vespignani, M. Ajallooeian, E. Badri, and A. J. Ijspeert.
Towards dynamic trot gait locomotion: Design, control, and experiments with
cheetah-cub, a compliant quadruped robot. The International Journal of Robotics
Research, 32(8):932–950, 2013.

K. Sreenath, H.-W. Park, I. Poulakakis, and J. W. Grizzle. A compliant hybrid zero
dynamics controller for stable, efficient and fast bipedal walking on MABEL. The
International Journal of Robotics Research, 30(9):1170–1193, August 2011.

K. Sreenath, H.-W. Park, I. Poulakakis, and J. W. Grizzle. Embedding active force
control within the compliant hybrid zero dynamics to achieve stable, fast running
on MABEL. The International Journal of Robotics Research, 32(3):324–345,
March 2013.

F. Sup, A. Bohara, and M. Goldfarb. Design and Control of a Powered Transfemoral
Prosthesis. The International journal of robotics research, 27(2):263–273, Febru-
ary 2008.

A. Takanishi, M. Ishida, Y. Yanazaki, and I. Kato. The realization of dynamic walk-
ing by the biped walking robot WL-10 RD. Journal of the Robotics Society of
Japan, 3(4):325–336, 1985.

Full text available at: http://dx.doi.org/10.1561/2300000044



72 References

T. Takenaka, T. Matsumoto, and T. Yoshiike. Real time motion generation and con-
trol for biped robot -1st report: Walking gait pattern generation-. In Proceedings of
the IEEE/RSJ International Conference on Intelligent Robots and Systems, pages
1084–1091, October 2009a.

T. Takenaka, T. Matsumoto, and T. Yoshiike. Real time motion generation and con-
trol for biped robot -3rd report: Dynamics error compensation-. In Proceedings of
the IEEE/RSJ International Conference on Intelligent Robots and Systems, pages
1594–1600, October 2009b.

T. Takenaka, T. Matsumoto, T. Yoshiike, T. Hasegawa, S. Shirokura, H. Kaneko, and
A. Orita. Real time motion generation and control for biped robot -4th report:
Integrated balance control-. In Proceedings of the IEEE/RSJ International Con-
ference on Intelligent Robots and Systems, pages 1601–1608, October 2009c.

T. Takenaka, T. Matsumoto, T. Yoshiike, and S. Shirokura. Real time motion gener-
ation and control for biped robot, 2nd report: Running gait pattern generation. In
Proceedings of the IEEE/RSJ International Conference on Intelligent Robots and
Systems, pages 1092–1099, October 2009d.

R. Tedrake, T. W. Zhang, and H. S. Seung. Learning to walk in 20 minutes. In
Proceedings of the 14th Yale Workshop on Adaptive and Learning Systems, Yale
University, New Haven, CT, 2005.

I. Thorson and D. Caldwell. A nonlinear series elastic actuator for highly dynamic
motions. In Proceedings of the IEEE/RSJ International Conference on Intelligent
Robots and Systems, September 2011.

R. Tomovic and R. Mcghee. A finite state approach to the synthesis of bioengineering
control systems. IEEE Transactions on Human Factors in Electronics, HFE-7(2):
65–69, June 1966.

G. Tonietti, R. Schiavi, and A. Bicchi. Design and control of a variable stiffness
actuator for safe and fast physical human/robot interaction. In Proceedings of the
IEEE International Conference on Robotics and Automation, April 2005.

N. Tsagarakis, S. Morfey, G. Cerda, L. Zhibin, and D. Caldwell. COMpliant hu-
MANoid COMAN: Optimal joint stiffness tuning for modal frequency control. In
Proceedings of the IEEE International Conference on Robotics and Automation,
pages 673–678, May 2013.

B. Vanderborght, A. Albu-Schaeffer, A. Bicchi, E. Burdet, D. Caldwell, R. Carloni,
M. Catalano, O. Eiberger, W. Friedl, G. Ganesh, M. Garabini, M. Grebenstein,
G. Grioli, S. Haddadin, H. Hoppner, A. Jafari, M. Laffranchi, D. Lefeber, F. Petit,
S. Stramigioli, N. Tsagarakis, M. V. Damme, R. V. Ham, L. Visser, and S. Wolf.
Variable impedance actuators: A review. Robotics and Autonomous Systems, 61
(12):1601 – 1614, 2013.

Full text available at: http://dx.doi.org/10.1561/2300000044



References 73

B. Vanderborght, R. V. Ham, B. Verrelst, M. V. Damme, and D. Lefeber. Overiv-
iew of the Lucy project: Dynamic stabilization of a biped powered by pneumatic
artificial muscles. Advanced Robotics, 22(10):1027–1051, 2008a.

B. Vanderborght, B. Verrelst, R. V. Ham, M. V. Damme, P. Beyl, and D. Lefeber.
Development of a compliance controller to reduce energy consumption for bipedal
robots. Autonomous Robots, 24(4):419–434, May 2008b.

B. Verrelst, R. Ham, B. Vanderborght, F. Daerden, D. Lefeber, and J. Vermeulen.
The pneumatic biped “Lucy” actuated with pleated pneumatic artificial muscles.
Autonomous Robots, 18(2):201–213, 2005.
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