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Abstract

Although today’s bipeds are capable of demonstrating impressive locomotion skills, in
many aspects, there’s still a big gap compared to the capabilities observed in humans.
Partially, this is due to the deployed control paradigms that are mostly based on analytical
approaches. The analytical nature of those approaches entails strong model dependencies
– regarding the robotic platform as well as the environment – which makes them prone
to unknown disturbances. Recently, an increasing number of biologically-inspired control
approaches have been presented from which a human-like bipedal gait emerges. Although
the control structures only rely on proprioceptive sensory information, the smoothness of
the motions and the robustness against external disturbances is impressive. Due to the
lack of suitable robotic platforms, until today the controllers have been mostly applied to
simulations.

Therefore, as the first step towards a suitable platform, this thesis presents the Compliant
Robotic Leg (CARL) that features mono- as well as biarticular actuation. The design is
driven by a set of core-requirements that is primarily derived from the biologically-inspired
behavior-based bipedal locomotion control (B4LC) and complemented by further functional
aspects from biomechanical research. Throughout the design process, CARL is understood as
a unified dynamic system that emerges from the interplay of the mechanics, the electronics,
and the control. Thus, having an explicit control approach and the respective gait in mind,
the influence of each subsystem on the characteristics of the overall system is considered
carefully.

The result is a planar robotic leg whose three joints are driven by five highly integrated
linear SEAs– three mono- and two biarticular actuators – with minimized reflected inertia.
The SEAs are encapsulated by FPGA-based embedded nodes that are designed to meet the
hard application requirements while enabling the deployment of a full-featured robotic
framework. CARL’s foot is implemented using a COTS prosthetic foot; the sensory informa-
tion is obtained from the deformation of its main structure. Both subsystems are integrated
into a leg structure that matches the proportions of a human with a size of 1.7 m.
The functionality of the subsystems, as well as the overall system, is validated experi-
mentally. In particular, the final experiment demonstrates a coordinated walking motion
and thereby confirms that CARL can produce the desired behavior – a natural looking,
human-like gait is emerging from the interplay of the behavior-based walking control and
the mechatronic system. CARL is robust regarding impacts, the redundant actuation system
can render the desired joint torques/impedances, and the foot system supports the walking
structurally while it provides the necessary sensory information. Considering that there is
no movement of the upper trunk, the angle and torque profiles are comparable to the ones
found in humans.
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1. Introduction

For decades robots have been bound to the industrial manufacturing lines. However, with
technological progress, they are expected to penetrate more and more areas of our daily
life. At the time of writing, this is mainly limited to vacuum cleaning or lawn mowing, but
the vision and research efforts are reaching beyond that. Robots are envisaged to support
us in many physically hard or dangerous tasks – e.g., close collaboration on the assembly
lines, the care of elder people, or rescue missions in disaster areas. Hence, the robots
have to maneuver in two kinds of environments: either structured from and for humans or
very unstructured. If this vision is to be turned into reality, it poses a big challenge for the
locomotion system of future robots.

(a) (b) (c)

Figure 1.1: Early fictions of robots – ((a)) a silver coin showing Talos1 (approx. 300 BC), ((b)) the
poster for the Federal Theater Project presentation of R.U.R. at the Marionette Theater2 (1939), and
((c)) a scan of the cover of Asimov’s I, Robot3 (1950).

Wheeled systems are inherently limited regarding their flexibility. Unfortunately, the
restrictions that wheel-chair bound people experience in their daily life illustrate this
limitation. In contrast, the combination of two legs with two arms enables humans to
locomote even in very unstructured environments. In extreme cases, humans can climb
steep walls, squeeze through narrow gaps, or balance along small ledges. Even if they are
meant to operate in our daily environments (shaped by and for humans), legged robots can
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move with much more ease and therefore are able to integrate into our daily life seamlessly.
Hence, the bipedalism poses the most obvious solution to robotic locomotion.

Besides the versatility, there is a more psychological reason for bipedal locomotion being
a favorable solution: our inherent tendency to anthropomorphize non-human agents –
animals, cars, or even computers. The psychological aspect is even more significant if they
are supposed to blend into our daily routine. Besides the head, the torso, and the arms, the
two legs are a primary characteristic of the anthropomorphic shape. This tendency already
finds its expression in the very early fictions and implementations of robots. In Greek
mythology, Hephaistos’ robot Talos (see Figure 1.1a) is recorded to have been a bronze
giant circling Kreta to fend off any intruders. Also the early robotic fictions of the 20th
century center – for instance Karl Ĉapek’s R.U.R. (see Figure 1.1b) and as Asimov’s I, Robot
(see Figure 1.1c) – imagine robots to walk on two legs. Notably, the fiction of the Ĉapek
brothers forged the term Robot – it stems from the Czek words robota (labor) and robotnik
(peasant) [Kurfess 05] – and Asimov coined the word Robotics.

Similarly, the very early implementations of humanoid robots also featured legs. For
instance, Leonardo Da Vinci’s Mechanical Knight, designed in 1495, featured a separate
mechanism driving the legs [Moran 06]. In 1939, the company Westinghouse Electric
Corporation presented the robot Elektro at the New York World’s Fair (Figure 1.2a). 20
years later the Austrian Claus Scholz developed a series of humanoid robots – MM6, MM7
(Figure 1.2b), MM8, and MM9. While Elektro and the MM series had already been able to
perform some rather elaborate tasks, the locomotion resembled more of a sliding motion
than proper bipedal walking. Overall, this underlines the significance of bipedal locomotion
in the robotic context – especially regarding their acceptance in our daily lives.

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

Figure 1.2: Early implementations of robots – (a) Elektro and Sparko4 (1938), (b) MM7 SELEKTOR5

(1961), (c)WAP-3 (1971) from [Lim 06], and (d) theWL-5 legs used forWABOT-1 (1973) from [Lim 06].

A third aspect that motivates the research on artificial bipedal locomotion is the potential
insights regarding the underlying neuroscientific and biomechanical mechanisms observed
in humans. Until today, many aspects of the human musculoskeletal system and the
superimposed nervous mechanisms, that are involved in the generation of human walking,
are not fully understood. Hence, replicating them in an artificial platform might shed
light on some of the open questions and thereby leverage the development of, e.g., active
prostheses, rehabilitation devices, or surgical manipulation of the neurological system.
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Therefore, from the 1960s on, the problem of bipedal walking has moved into the fo-
cus of robotic research. The research on artificial bipedal walking can be decomposed
into two tracks – the design of physical platforms and the development of control strategies.
This decomposition does not imply that the two tracks are or have been driven entirely
independent – there is a strong interdependency between the two domains.

Initiated by the pioneering work of Ichiro Kato, the Waseda University has started a long-
term research program that addressed both research aspects. This lead to the development
of a long series of bipedal walkers [Lim 06]. While WL-3 was able to demonstrate some
rudimentary walking in 1969, WAP-3 (see Figure 1.2c) was the first to perform three-
dimensional bipedal walking in 1971. WABOT-1, designed in 1973, was the first full scale
anthropomorphic robot (its legs are shown in Figure 1.2d) [Kato 73]. While Japan stayed
a hotspot for research on robotic bipeds, those achievements ignited research activities
around the globe.

As a consequence, many complex bipedal walkers have been and still are developed. They
range from classical designs, i.e. with stiff serial kinematic chains, to more experimental
platforms that feature e.g., inherent compliance or redundant actuation. Some prominent
examples are shown in Figure 1.3. Probably the humanoid robot that is the most widely
known is Honda’s ASIMO (Figure 1.3a). Honda started the development of humanoid robots
in 1986 while the latest version of ASIMO supposedly was released in 2014. Other more re-
cent examples are LOLA (Figure 1.3b) developed at the TU München [Buschmann 09], TORO
(Figure 1.3c) developed at the DLR [Englsberger 14], and Valkyrie (Figure 1.3d) developed
by NASA.

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

Figure 1.3: Recent implementations of bipedal robots – (a) Honda’s ASIMO6, (b) TU München’s LOLA
from [Lohmeier 09], (c) DLR’s TORO7, (d) NASA’s Valkyrie8

Parallel to the emergence of increasingly complex physical platforms, the control aspects
of technical bipedal walking have become more and more sophisticated. The introduction
of the concept of the Zero-Moment Point (ZMP) by Vukobratović in 1970 was a key enabler
for artificial gait synthesis [Vukobratovic 70]. The ZMP is a constraint to guarantee the
dynamic balance of a system during bipedal walking. The concept found its first application
on Waseda’s WL-10RD [Takanishi 85]. Consequently, the majority of the control approaches
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implemented on real machines is of an analytical nature. Thus, they rely on a very accurate
model of the robot (kinematics and dynamics) and its environment, while the walking
motion is generated through a high-gain position control of the joints. Even until today, most
of the analytical control approaches are based on the ZMP [Wright 15]. While this facilitates
a parametrization of the model, the resulting gait is characterized by low efficiency and
robustness. Moreover, the strong model dependency leads to little exploitation of the
inherent dynamics and high computational costs.

To address those shortcomings, alternative control approaches that are either model-free
or relying on very reduced models have been considered. Recently, a group of control
approaches that are inspired by the findings from neuroscience and biomechanics has
been presented [Wang 12, Geyer 10, Song 13, Geijtenbeek 13, Luksch 10]. The smoothness,
efficiency, and robustness of the emerging gaits are very impressive – even more, as they
only rely on proprioceptive information. Although there is a big intersection regarding
the assumptions about the underlying bipedal platform, until today, the controllers have
mainly demonstrated their capabilities in simulations. They all assume an actuation that is
inspired by the properties of the antagonistically arranged muscle-tendon system found in
humans – in most cases even a musculoskeletal system. This assumption entails properties
such as compliance, force/torque control, co-contraction, and redundant actuation (mono- as
well as biarticular elements). As none of the available bipedal robots meets this specific
requirement profile, the thesis at hand aims to address this gap.

1.1 Objectives
The goal of this thesis is the conceptual development of a robotic leg that enables the
rendering of an efficient dynamically unbalanced human-like gait.

As illustrated in Figure 1.4, the scope of this thesis can be considered to be complementary
to the work of Luksch [Luksch 10]. With B4LC, Luksch proposed a concept for the control
system in the robotic domain that matches the nervous system in biology. Complemen-
tary, this thesis proposes concepts for the design of the robotic hardware that mimic the
morphology, the muscles, and the receptors found in the biological role model.

The underlying hypothesis is that it is possible with nowadays technology to design a
robotic platform that meets the specific requirements of human-like bipedal locomotion.
The crux is the identification of the relevant functional mechanisms, the definition of a set of
requirements, and the translation to suitable technological concepts and implementations.
As already stated by Asada et al. in 1987, the appropriate match between the hardware and
the controller design is crucial to achieving the desired performance [Asada 87]. Although
the specific requirements are derived from B4LC, the proposed concepts should be general
enough to meet the requirement profile of most biologically-inspired control approaches.
Being tailored for an efficient human-like gait, this entails a compromise regarding the
platform’s capability to perform other tasks. Thus, the following does not claim to provide
a concept for a legged platform that can match the human performance in all aspects.

As it is not possible to provide the concept and the respective technical implementation
of a fully articulated bipedal robot within a single thesis, as a first iteration, a planar leg
system is presented. The design process is driven by the notion of Hurst and Rizzi in which
the robotic platform is understood as a unified dynamic system that emerges from the
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Figure 1.4: Illustration of the scope of this thesis in the bionic context. Adapted from [Luksch 10]

interaction of the mechanics, the electronics, and the control [Hurst 08]. The generation
of certain motions is eased, and the efficiency is increased if the natural dynamics of the
platform are shaped accordingly. Thus, the mechanics and the electronics have to be
designed with the same focus on the envisaged application as the control system. The
proposed system should bridge the gap between the passive walkers and the fully actuated
bipeds currently found in the literature.
Therefore, the thesis addresses a set of specific topics:

Elaboration of a Requirement Set

The most fundamental topic is the refinement of a set of high-level requirements that
describes the essential core characteristics of an ideal system. Partially, they are either
implicitly or explicitly defined by the work on the bio-inspired control approaches. Hence,
the explicit assumptions on the simulated bipeds pose the basic framework. The implicit
aspects are derived from the in-depth analysis of the B4LC gait. Mechanisms found in the
biomechanical literature further refine this requirement framework. This set of high-level
requirements is complemented by requirements that originate from technical constraints
or the interdependencies between the technical subsystems.

Technical Correspondence to the Biological Muscle

The core component of a bipedal robot is the actuation system. It is the primary determinant
of the robot’s capabilities and limitations. At the same time, it is the component that
underlies the highest technological constraints. Hence, it is essential to determine an
actuation approach that optimally fits the envisaged overall properties. This implies the
necessity for a thorough understanding of the technological properties and the associated
dynamics. The dynamics of the actuation system should not dominate the overall system
dynamics.

Transfer of the Human’s Functional Morphology

Based on the notion that the human morphology is optimized for bipedal locomotion,
it provides a blueprint for the layout of a bio-mimetic robotic leg. Most obviously the
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kinematic configuration and the segment lengths/masses can be found in the biomechanical
literature. More detailed aspects have to be abstracted from a functional point of view, e.g.,
the sophisticated structure of the human foot or the complex musculoskeletal system. In a
technical system, the exact imitation is not feasible.

Technical Interpretation of the Human’s Sensory System

The complex sensory organs found in humans and their tight integration within the mechan-
ical structures are far beyond the reach of nowadays technical capabilities. For instance,
a vast amount of sensory information is obtained from the touch sense of the skin – the
sensory organ that covers the whole human body. Similar to the human morphology, for
the lack of technical equivalents, alternative concepts have to be elaborated that meet the
functional requirements.

Experimental Validation of the Conceptual Approach

The derived technical implementations have to be validated in experiments to showcase the
functionality of the proposed concepts. This necessity holds for the different subsystems
as well as the overall system. The latter is of special interest as it underlines the claim that
the desired properties emerge from the interplay of the various subsystems.

Obviously, the work at hand is not the first endeavor to develop a system that closely mimics
the human leg. Therefore, in Chapter 3, the existing bipedal platforms are presented and
analyzed with respect to the derived set of requirements. The work at hand differs from
the similar research in the aspect that the derived robotic system is driven by the insights
gained from the research on a biologically-inspired control approach. Being able to derive
the requirements that result from the control and the characteristic of the emerging gait,
it becomes feasible to develop a hardware system that is shaped explicitly towards the
desired properties.

1.2 Structure
To develop an understanding of the properties of the gaits that emerges from the biologically-
inspired control approaches and the implications on the design of a suitable robotic plat-
form, Chapter 2 establishes a clear understanding of common terminologies and notions
from biomechanics, neuroscience, and robotics. Based on this, the technical approaches to
the control of bipedal locomotion are introduced. As a representative of the biologically-
inspired control approaches, the biologically-inspired behavior-based bipedal locomotion
control (B4LC) is presented in more detail, and the properties of the emerging gait are
elaborated. The chapter concludes with the definition of a set of high-level requirements
that a robotic platform, suitable for the deployment of B4LC, has to meet.

Against this background, Chapter 3 introduces the existing bipedal platforms found in the
literature. The platforms are grouped in categories by the underlying actuation schemes
and are evaluated against a subset of the high-level requirements. As none of the existing
platforms meets the specific requirements, the design of a CARL – a planar bio-mimetic
compliant robotic leg that features mono- as well biarticular actuation – is targeted. The
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design of CARL is divided into three major subsystems – the transparent actuation unit, the
proprioceptive foot, and the leg structure. The actuation unit is composed of the physical
actuator and its encapsulating embedded electronics. The mapping emphasizes that the
actuation unit – and in particular the physical actuator – has the most significant impact
on the properties of the overall system.

Thus, Chapter 4 first presents the design of the physical actuator (Section 4.1). Among all
available actuation technologies, electromagnetic (EM) actuation is chosen as the most
suitable. Within the EM actuation schemes, a linear SEA is identified as the most appropriate
solution. The dynamics of a linear SEA are analyzed by using a comprehensive two-load
model to avoid poor design decisions. The model clarifies the impact of the various design
parameters on the properties of the actuation unit. Based on the insights gained from the
modeling, a design metric for the SEAs drivetrain that minimizes the reflected inertia is
proposed – a property that is crucial for the interaction with the environment. Based on
this metric, the design of two linear SEAs is depicted – the RRLab SEA 50 and the RRLab
SEA 50. Finally, the thermal behavior of the RRLab SEAs is modeled.

In the second part of Chapter 4 (Section 4.2) the concept and the implementation of
the embedded system is presented in detail. The presented concept is driven by the
goal to deploy a full-featured robotic framework at the embedded level. Therefore, the
communication task is decoupled from all application related tasks by using two decoupled
soft processors within the field-programmable gate array (FPGA)-based embedded nodes.
In this context, the Ethernet-based framework-integrated embedded protocol (FinEmbP) is
presented.

In the third and last section of Chapter 4 (Section 4.3), the final properties of the two sub-
systems and the properties that emerge from their interplay are elaborated experimentally.
Firstly, the performance of the embedded system – namely the timing of the FinEmbP and
the framework for intelligent robot control (Finroc) execution – is investigated. Secondly,
the open-loop properties of the RRLab SEAs are identified. Lastly, the closed-loop perfor-
mance that results from the interplay between the physical actuator and the embedded
system is analyzed.

Chapter 5 introduces the design of the proprioceptive foot. Its mechanical structure is
embodied by a commercial off-the-shelf (COTS) prosthetic foot as they are designed to
mimic the human foot structurally. Subsequently, the concept to extract the sensory
information from the intrinsic deformation of the foot structure is introduced. Based on this,
two approaches to extract the center of pressure (CoP) position and force are presented
and compared.

In Chapter 6, CARL’s leg structure is illustrated. The chapter mainly illustrates the properties
of the linkage mechanisms that couple the linear SEAs to the joints. The linkages are
the primary determinant for the achievable joint torques and velocities. Furthermore, the
potential contribution of the redundancy in the actuation system is discussed based on
some basic approaches.

Finally, Chapter 7 presents CARL’s performance in three experiments. The performance
of the distributed force control and the capability to act transparently is investigated by
performing a free leg swing. To demonstrate the distributed impedance rendering and
CARL’s impact tolerance all actuators are commanded to generate a desired impedance
while the leg is dropped from a height of 0.2 m. In a final experiment, CARL demonstrates
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a coordinated walking motion by which the functionality and the interplay of the different
subsystems are illustrated. Furthermore, the rendered gait is analyzed extensively and
compared to data from the B4LC simulation and human gait analysis.

Chapter 8 concludes the thesis. The main contributions of the developed system and its
subsystems are highlighted and discussed. Based on the gained insight and the encountered
problems an outlook on future research is given.

To complement the material provided in this thesis, video material of some of the experi-
ments – in particular the final experiments – is available at

https://vimeo.com/schuetz

1Photo by Jastrow, Public Domain
2Photo by Mu, Public Domain
3Photo by ISFDB, CC BY 2.0
4Photo by Daderot, Public Domain
5Image courtesy of Technisches Museum Wien. All copyright remains with the institution.
6Photo by Ars Electronica, CC BY-NC-ND 2.0
7Photo by DLR, CC BY 3.0
8Image courtesy of Benedict Redgrove from his project NASA - Past and Present Dreams of the Future. All

copyright remains with the artist.
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2. Bipedal Locomotion Control

To enable biologically-motivated control approaches for human-like dynamic walking, a
physical platform has to meet specific requirements. Regarding B4LC, Luksch explicitly
mentions some of them [Luksch 10, pp.77]. Others are derived from the insights gained
through the simulation results. Thus, it is essential to gain a clear understanding of the
B4LC gait characteristics. Hence, the following first introduces the common terminology and
notions from biomechanics/neuroscience and robotics. Secondly, the different approaches
for its artificial synthesis and control are introduced. Against this background, B4LC is
introduced, and its emerging characteristics are illustrated.

2.1 Bipedal Walking – Common Terminology and
Notions

Especially in the context of artificial bipedal walking, where many scientific disciplines –
biomechanics, neuroscience, computer science, and mechanical/electrical engineering –
meet, it is important to establish a clear terminology. This helps to better the understanding
throughout the subsequent chapters. As the human gait serves as a role model, first the
notions originating from biomechanics and neuroscience and subsequently the concepts
from robotics are introduced.

2.1.1 Biomechanics and Neuroscience
The main sources for the following are the books from Vaughan et al. [Vaughan 99], Hamill et

al. [Hamill 15], Whittle et al. [Whittle 07], and Perry [Perry 92].

Bipedal Walking is understood as the form of bipedal locomotion achieved by putting one
foot in front of the other – or behind in case of backward walking. Vaughan et al. reduce it
to two basic requisites [Vaughan 99]:

1. Periodic movement of each foot from one position of support to the next.
2. Sufficient ground reaction forces, applied through the feet, to support the body.

Compared to running, when walking at least one foot is in contact with the ground at each
instant in time. The complete movement of lifting the foot off the ground and moving
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it to the next point of support is called a step. The term gait indicates the particular
periodic walking pattern that is exhibited by different individuals or, in case of artificial
walking, by different approaches for gait synthesis and control. A gait can be decomposed
into periodically repeated strides or gait cycles – i.e., the time between two consecutive
occurrences of the same gait event of the same leg, see Figure 2.3.

For a clear description throughout the thesis, the biomechanical nomenclature is used
to describe the directions, planes, and joint motions. They are introduced figuratively in
Appendix C.

2.1.1.1 Structure of the Human Gait Cycle

Depending on the context, the gait cycle can be described regarding different criteria.
According to Perry et al., from an analytical point of view, a stride consists of two main
phases/periods, three tasks, and eight sub-phases as shown in Figure 2.1. Observing one
leg throughout a full stride, the two main phases of the gait cycle – also referred to as
periods – are the stance phase and the swing phase. During the stance phase, the foot is in
contact with the ground and the leg at least partially supports the body weight. During the
swing phase, there is no contact between the foot and the ground while the leg is brought
forward by a swinging motion. In a normal human gait, the stance phase poses around
60 % and the swing phase around 40 % of the gait cycle.

Periods

Tasks

Phases

Gait Cycle

Stance Swing

Single Limb
Support

Weight
Acceptance

Limb
Advancement

Terminal
Stance

Mid
Stance

Loading
Response

Initial
Contact

Pre
Swing

Initial
Swing

Mid
Swing

Terminal
Swing

Figure 2.1: Division of the gait cycle into two periods, three tasks, and eight phases. Redrawn
from [Perry 92, p.302].

The gait cycles of the two contralateral legs are shifted by half a gait cycle. The leg that is
doing a step is referred to as the swing leg, the leg that is in contact with the ground is
termed the stance leg. During the stance phase, there are periods of double support where
both feet are in contact with the ground. Therefore, from a mechanical point of view, the
stance phase can be subdivided into three phases: initial double-support, single-support,
and terminal double-support. Each double support phase lasts about 15 % of the gait cycle.
Those relations are illustrated in Figure 2.2.
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Figure 2.2: Timing and portion of the different phases during a stride/gait cycle. From [Hamill 15,
p.304].

Figure 2.3: Parameters of a stride/gait cycle. From [Hamill 15, p.302].

During a gait cycle, the leg accomplishes three main tasks: weight acceptance, single limp
support, and limb advancement. The most prominent events of the gait cycle are the hell
strike – the instant when the heel of the swing leg is touching the ground – and toe-off –
the instant when the toe of the former stance leg is losing ground contact. By convention,
the heel strike of one foot defines the start of a gait cycle. The distance between two
consecutive points of the heel strike of the same leg marks the stride length; the distance
between two consecutive points of heel strike of the contralateral legs is the step length.
The two measures are illustrated in Figure 2.3.
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For the division of the gait cycle into its sub-phases, some events of the contralateral
leg/foot are also taken into account. This leads to the following set of events:

1. Heel strike
2. Opposite toe-off
3. Heel rise
4. Opposite heel strike
5. Toe off
6. Feet adjacent
7. Tibia vertical

After the tibia vertical event, the next gait cycle starts with the heel strike. This leads to
the following phases during the stance phase:

1. Initial contact
2. Loading response
3. Mid-stance
4. Terminal stance
5. Pre swing

The subphases of the swing phase are the following:

1. Initial swing
2. Mid swing
3. Terminal swing

The full gait cycle according to this understanding is illustrated in Figure 2.4. Although
those definitions have been developed to describe and analyze the gait of humans, they are
applicable to artificial gaits as well. The presence of all phases and events with a similar
timing is a good metric for the human-likeness of a robotic gait.

2.1.1.2 The Human Musculoskeletal System

In humans, the contraction of over 600 skeletal muscles produces the voluntary movement.
The belly of each muscle is composed of many parallel fascicles while the fascicles encap-
sulate many muscle fibers. Without going into details regarding the internal mechanisms,
the muscle fibers are the elements that are contracting to produce a force. The muscle
belly, as well as the fascicles, are sheathed in tissue that defines the muscle’s resting length.
The muscle is predominantly connected to the bone via tendons. They are arranged in
series to the muscle and consequently are exposed to the same strain. Being elastic allows
them to store and release strain energy.

To describe the mechanical properties of the biological muscle, the muscle model as
proposed by A. V. Hill is well established, see Figure 2.5. It is composed of three basic
elements – the contractile component (CC), the parallel elastic component (PEC), and the
series elastic component (SEC) [Hamill 15]. The CC resembles the part of the muscle that
converts the stimulation of the nervous system into a force. Although the SEC is often
understood to be the tendon by which the muscle is attached to the bone, it reflects all
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Figure 2.4: Gait phases and events during a stride/gait cycle. From [Whittle 07, p.52].

elasticities in series with the CC. The PEC is derived from the observation that the muscle
is exhibiting resistance to external forces even when the CC is inactive. This behavior is
attributed to the tissue that surrounds the muscle. Both elastic components exhibit highly
nonlinear stiffnesses.

Additionally, the force a muscle can produce is highly dependent on its length and velocity.
The relation of muscle force to its length is shown in Figure 2.6a. As can be seen, the
maximum muscle force is around its resting length L0. If the muscle is stretched beyond
L0, the passive elements increase their tension. The relationship between the muscle
force and the velocity is shown in Figure 2.6b. For concentric muscle action, the maximum
muscle force decreases with increasing velocity. For eccentric muscle action, the relation is
inverse.

The force control bandwidth of human limb muscles is around 2 Hz to 3 Hz [Burdet 13,
pp.48]. A force modulation at higher frequencies is limited. As a muscle can only produce
tension forces, they are arranged as antagonistic pairs around a joint. Thereby, the muscle
pair can generate net joint torques in both directions. Due to the fact, that muscle force
can be increased faster than decreased, the antagonistic arrangement allows for higher
achievable bandwidths at the joint. The net joint torque can be modulated by an increase
of the force in the appropriate muscle of the antagonistic pair.

Looking at the muscle arrangement in the human lower limb, mono- and biarticular muscles
can be found. In contrast to monoarticular muscles which span one joint, biarticular muscles
are acting across two joints. The three most dominant biarticular representatives in the



14 2. Bipedal Locomotion Control

rf

ga

gmil

bfs
vl

so
ta

ha

(a)

(b)

(c)

Figure 2.5: (a) Simplified planar muscle arrangement as found in humans. Redrawn
from [Prilutsky 02]. The two most common forms of Hill’s muscle model with (b) the PEC spanning
both the CC and the SEC or (c) only the CC – both from [Hamill 15, pp.71]

.

lower limb are rectus femoris (RF), hamstrings (HA), and gastrocnemius (GA). Together with
the monoarticular tibialis anterior (TA), soleus (SO), vatus lateralis (VL), biceps femoris
short (BFS), illiacus (IL), and gluteus maximus (GM) they form the simplified planar muscle
arrangement proposed by Prilutsky and Zatsiorsky shown in Figure 2.5a [Prilutsky 02].
Notably, it is not finally understood how biarticular muscles are exploited during human
movements.

2.1.1.3 Muscle Coordination

Considering the pronounced redundancy that results from the multitude of mono- and
biarticular muscles found in the human leg, their orchestration remains unclear. Several
theories try to explain the underlying strategies. For instance, the criterion proposed by
Crowninshield and Brand can predict and explain the basic features of muscle coordination
using the inversely-nonlinear relation between the muscle contraction force and the possi-
ble contraction duration together with a nonlinear optimization scheme [Crowninshield 81].
By solving the redundancy problem at the joints, the criterion can qualitatively predict the
activation of mono- and biarticular muscle during planar walking. From the observations
gained by applying the criterion to planar static and dynamic tasks, Prilutsky derives seven
functional benefits of biarticular muscles [Prilutsky 00]. The activation concepts from which
robotic applications could potentially benefit are the reduction of total muscle force and
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Figure 2.6: (a) The length-force relationship and (b) the velocity-force relationship. From [Hamill 15,
pp.80]).

stress, the economy of mechanical energy expenditure, and the transfer of mechanical energy
between joints.

Furthermore, the above-proposed sub-phases of the gait cycle are further supported by
analyzing the muscle activity during a stride. As shown in Figure 2.7, the phases – started
by the respective event – coincide with the alternating patterns of muscle activation of
the major muscles in the lower limb. This can be explained by the kinematic nature of
most of the events at the phase transitions. Thus, the events imply a change regarding the
interaction with the environment and consequently an adaptation of the muscle action.

Figure 2.7: Muscle activity in one leg during each phase of the gait cycle – on top the posterior
view and below the lateral view. The muscle shading indicates its activation level: black – high,
dashed – intermediate, white – low/none. From [Vaughan 99, p.54]
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(a)
(b)

Figure 2.8: (a) The timing of the activation pulses during normal walking and (b) the bilateral
synchronization of activation timings. From [Ivanenko 06, p.342]

.

Pursuing this observation, Ivanenko et al. recorded and analyzed a set of 12 to 16 Elec-
tromyography (EMG) waveforms of different subjects during normal walking [Ivanenko 04].
The subjects walked at four different speeds and with a body weight support of varying
magnitude. By averaging and normalizing the EMG signals over 10 to 15 consecutive gait
cycles and applying statistical methods, five basic muscle patterns could be identified
that account for 90 % of the muscle activity during a gait cycle (see Figure 2.8a). In fur-
ther studies, Ivanenko et al. extended the set of recorded EMG signals to 32 ipsilateral
muscles [Ivanenko 06]. Again, the five basic components could be identified, and a rela-
tion of the activation timing to kinetic and kinematic events was established. From this
observation, the division of the gait cycle into five phases was derived:

1. Weight acceptance
2. Loading/propulsion
3. Trunk-stabilization during double support
4. Liftoff
5. Hell strike

Furthermore, a bilateral coordination of the two limb controllers can be identified. The
activation components 1 and 2 are copies of 3 and 5 at the contralateral side – only shifted
by 180◦. The heel strike was identified as the main event for bilateral synchronization. This
is illustrated in Figure 2.8b.

2.1.1.4 Human Foot

The human foot is a very complex musculoskeletal system in itself. Very simplified, it imple-
ments three degrees of freedom (DoFs) – the subtalar, midtarsal, and metatarsophalangeal
joints [Perry 92, pp.71]. When walking, within the foot ten muscles are involved while the
activation of the muscles travels from the hind foot via the forefoot to the toes. Besides
the muscle action, the human foot implements passive mechanisms that are believed to
support the walking motion and promote energy conservation during the gait cycle, e.g.,
the Windlass Mechanism [Hicks 54].

More abstract, during the stance phase, the compliant foot behavior in conjunction with the
ankle joint implements a wheel-like mechanism, see Figure 2.9a [Torricelli 16]. It is realized
by three pivotal mechanisms – the heel rocker, the ankle rocker, and the forefoot rocker. While
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Figure 2.9: ((a)) Three snapshots of the foot during the stance phase to illustrate its wheel-like
mechanism. The red arrow indicates the CoP position. ((b)) Schematic illustration of the ankle-
foot complex function during the stance phase. The black dotted arrows indicate the direction of
movement, the blue arrows resistive torques, and the red dots relevant joint stabilization. Both
from [Torricelli 16].

the ankle rocker is produced by the ankle joint, the other two mechanisms result from
the foot structure. Through the complex interplay of passive and active structures, the
passive pendulum dynamics of the leg are transformed into a forward progression, and the
transitions between the two legs are smoothened. The functionality is shown in Figure 2.9b.
Together, the three rocker mechanisms are assumed to have a positive influence on the
energy expenditure.

2.1.2 Robotic Concepts

After forty years of research on robotic bipedal locomotion, the robotics community es-
tablished some basic notions and concepts that are widely used. However, as it is still a
relatively young and dynamic area of research – driven by people with different educational
background – neither a standard terminology nor a standard understanding has evolved.
Therefore, Vukobratović et al. undertook the effort to promote a unified definition/under-
standing of the basic notions and terms [Vukobratović 07]. Most of the following is based
on those definitions.

Very generally spoken, the center of mass (CoM) is the average of all masses weighted by their
relative positions. In humans, the CoM is slightly below the belly button. The support area
is a surface that results from the contact between the feet and the ground. It is sometimes
also called support polygon [Vukobratovic 04] or base of support [Buschmann 15]. On even
ground, the support area equals the contact area between the foot and the ground during
the single-support phases. When both feet are in contact with the ground, the support
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Figure 2.10: Exemplary shapes of the support polygons during a gait cycle. Gray indicates the
support polygon, black the projection of the foot surface onto the ground, and white the foot surface
if not in contact with the ground. From [Dekker 09].

area is given by the minimal convex area containing the contact area of both feet. As
illustrated in Figure 2.10, this definition is rather straight forward on even ground. Under
certain conditions, the support area can be diminished to a line or even a point. Notably,
on uneven ground/terrain, the contact between foot and ground itself cannot be assumed
to be a flat surface.

2.1.2.1 Gait Balance

The biggest ambiguity in the robotics community is related to the notion of a stable gait.
Mostly, a stable gait is understood as a gait that is sustained (can be maintained forever).
This might lead to confusion with the concept of stability stemming from the domain of
control theory. Thus, proposed by Vukobratović et al., the term balance is to be favored
over stable or in equilibrium. This is reasoned by the notion, that the robot must maintain
its balance to avoid overturning/falling. When walking, the robot can maintain in static or
dynamic balance or be unbalanced for certain periods of time. This is further elaborated in
the following.

Static balance implies that the CoM of the biped is kept over the support polygon. This is
only valid as long as inertial forces are negligible. As soon as the movements are becoming
more dynamic, the dynamic balance has to be investigated. A system in dynamic balance
might violate the criterion for static stability [Raibert 86, p.5]. The most used indicator for
dynamic balance is the ZMP introduced by Vukobratović et al. in 1970 [Vukobratovic 70].
Even if all DoFs of a biped are actuated, the contact between the foot and the ground
resembles a passive DoF which cannot be controlled directly – only indirectly by controlling
the dynamics of the mechanisms above the foot.

Hence, the ZMP is the point within the support area where one single force can compensate
for the dynamics of all links above the feet. This is illustrated in more detail in Figure 2.11.
Assuming single support phase (see Figure 2.11a), the dynamics of all links above the
ankle can be replaced by the force FA and the torque MA (see Figure 2.11b). Because
of the unidirectional connection between the foot and the ground, the reaction consists
of the force R (Rx, Ry, Rz) acting in the point P and the moment M (Mx, My, Mz). If no
relative motion between the foot and the ground is assumed, Mz , as well as the horizontal
components Rx, Ry of the force, are balanced by the static friction as shown in Figure 2.11c.
As the force equilibrium determines the magnitude of Rz , the horizontal components of
MA (MAx, MAy) determine the corresponding position of P . This leads to the two ZMP
conditions: ∑︂

MX = 0 and
∑︂

MY = 0. (2.1)
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For the planar case it is illustrate in Figure 2.11d.

(a) (b)

(c) (d)

Figure 2.11: Illustration of the ZMP-concept. From [Vukobratovic 04].

From this scenario the following equations can be derived:

R + FA + msg = 0, (2.2)

−→
OP × R + −→

OG × msg + MA + MZ + −→
OA × FA = 0, (2.3)

where O is the origin of the absolute coordinate system, P the acting point of the ground
reaction force, G the foot’s CoM, A the position of the ankle joint, and ms the mass of the
foot. The projection of Equation (2.3) onto the horizontal plane results in

(−→
OP × R)

H
+ −→

OG × msg + MH
A + MZ + (−→

OA × FA)
H

= 0. (2.4)

The point P for which those equations hold true, is called the ZMP. Following this ZMP-
criteria, the system is in dynamic balance if P lies within the support area. It is often
used interchangeably with the center of pressure (CoP). The CoP is the point where a single
normal force can replace the pressure between the foot surface and the ground. As pointed
out by Vukobratović et al., the ZMP and the CoP coincide when the robot is in dynamic
balance [Vukobratović 07]. In case of an unbalance and thus a rotation around the edge or
corner of the foot, the CoP still exists while the ZMP doesn’t. Dynamic balance has been lost,
and the ZMP lies outside of the support area. This introduced the notion of fictitious ZMP
(FZMP) – a point outside of the support area that satisfies the ZMP condition. The FZMP is
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Figure 2.12: Limit cycle and a Poincaré map. From [Hiskens 01]

sometimes used as a measure for the degree of dynamic unbalance. It should be emphasized
that meeting the ZMP criteria does not guarantee asymptotic stability [Choi 05].

Static as well as dynamic stability provide measures for sustained local stability throughout a
gait cycle of bipedal walking [Hobbelen 07]. Ensuring local stability implies two significant
constraints for bipedal walking: local stabilizability and high control stiffness. To achieve
local stabilizability, during the single support the foot has to be in flat contact with the
ground to satisfy a criterion, e.g., the ZMP. The high control stiffness is necessary to
establish local stability despite the biped’s unstable inverted pendulum dynamics. Those
two constraints are believed to limit the performance of bipedal robots.

Hence, Limit cycles provide a criteria that evolves around cyclic stability. Hybrid systems
– such as bipedal walking machines – are characterized by the interactions between
continuous dynamics and discrete events, e.g., the heel strike. Such hybrid systems often
exhibit periodic behavior. The discrete events can limit the system state to a constrained
region of the state space. Hence, even for inherently unstable system dynamics, the discrete
events potentially produce a stable limit set. Often, periodic behavior in the form of closed
curves in state space is generated that way. If no nearby trajectory is a closed curve itself,
the curve is called a limit cycle [Mattuck 10]. A stable limit cycle is a limit cycle that attracts
all nearby curves. If the nearby curves on both sides are diverging from the curve, it is
an unstable limit cycle. The stability of limit cycles can be analyzed using Poincaré maps.
In a Poincaré map, the system state is sampled once every period. A exemplary Poincaré
map and a limit cycle are illustrated in Figure 2.12. For a stable limit cycle, the samples of
nearby curves approach a fixed point over time – for an unstable limit cycle, they diverge.
For more in-depth information, Hiskens provides a good introduction to limit cycles by
applying it to a simple compass gait bipedal robot [Hiskens 01].

2.2 Bipedal Locomotion Control in Robotics
Even after half a decade of research, the generation and control of bipedal gait in robots
are still an unsolved problem. Although the robots are exhibiting impressive capabilities, it
is still a far reach to the performance of humans. This is mainly due to the hybrid nature of
a biped – it can only interact with the environment via its feet (support polygon) – and the
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unilateral nature of the ground contact – it restricts the possible forces that can be exerted
to generate a motion or stabilize the biped. Furthermore, the system changes its structure
during a walking cycle – it alternates between an open kinematic chain (single support)
and a closed kinematic chain (double support) [Vukobratovic 04]. The change of the ground
contact state of the foot is inherent to this periodic movement. The ground contact can be
diminished to a line or even a point with the consequence that the foot can rotate around
its edges/corners. The foot-ground contact represents a passive DoF. Besides the voluntary
exploitation of this passive DoF, an involuntary rotation can be induced by an external
disturbance. Additionally, the interaction with the ground exhibits its inherent dynamics.
Often, compliance is introduced in the foot sole of legged robots to filter the impact forces
induced by the heel strike. Thus, the foot-ground contact is a passive spring-damper system
itself.
Many solutions and approaches have been proposed to solve the problem of bipedal walking
control. The literature that has emerged over the last 50 years is vast. In general, the
problem can be divided into two subproblems – the gait generation and the gait stabilization.
Recently, there have been attempts to provide an overview and categorize the technical
approaches [Wright 15, Buschmann 15, Al-Shuka 14]. Wright et al. are dividing the control
approaches with a fine granularity based on the underlying mechanism – analytical, central
pattern generators, neural networks, hidden markov and rule based. Al Shuka et al. as well
as Buschmann et al. identify three main categories which can be subdivided according to
the underlying core concept. Al Shuka et al. distinguish between model-based, biological
mechanism-based gait, and natural dynamics-based gait, while Buschmann et al. distinguish
model-based control, biologically-inspired control, and gait-cycle centered control. It is hard to
find classifications that map each approach proposed in the literature to a specific category
as many variations have been presented over the years. However, three similar categories –
model-based control, natural dynamics-based control, and biologically-inspired control – are
adopted in the following to give an overview of the common approaches to the control of
bipedal walking.

2.2.1 Model-based Control
As proposed by Al Shuka et al., the model-based approaches for gait generation can be sub-
divided into human motion capture data, interpolation, center of mass, and optimization based
gaits [Al-Shuka 14]. As, until today, most of the bipeds are controlled using ZMP-based
approaches, the concept is introduced in the following. The controllers are implemented
using classical control system approaches that rely on a physical model of the robot. Most
approaches assume that the joints are encapsulated by low-level controllers that are capa-
ble of adjusting the desired joint angles, velocities, and sometimes torques. Buschmann et
al. identify three main tasks that have to be handled by the high-level control: exhibiting
the desired walking behavior while stabilizing the passive DoFs and satisfying all constraints.
Straight-forward on-line solutions that solve all three tasks are currently unfeasible be-
cause of the nonlinear dynamics and the unilateral constraints. The required computational
capacities are still beyond nowadays capacities. To mitigate the computational bottleneck,
the model-based approaches often show a hierarchical arrangement of several control
layers as illustrated in Figure 2.13a.
The gait generation synthesizes the trajectories for the desired locomotion, while the lower
layers are responsible for the feedback control of walking. Synthesizing the trajectories
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incorporates two primary components – the planning of an appropriate sequence of footstep
locations and the generation of according joint trajectories. This is done either off-line based
on a full model of the biped or online based on a simplified – and therefore computationally
lighter – model. The generation can purely be feed-forward although some solutions
already integrate some sensory feedback at this level – as indicated by the dashed line in
Figure 2.13a.

Gait Generation

Balance Control

Inverse Kinematics

Low Level Control

Robot

Desired
Locomotion

Ideal
Trajectories

Adapted
Trajectories

Joint Space
Trajectories

Physical Control
Variables

Sensor
Data

(a)

(b)

Figure 2.13: (a) Hierarchical control architecture underlying many bipeds driven by an model-based
control, adapted from [Buschmann 15]. (b) Control structure implemented for the H7 developed at
the JSK Laboratory, from [Nishiwaki 06, p.83].

Most current systems use online methods as a certain degree of adaptation to a changing
environment is a necessity. They are mostly based on a linear inverted pendulum model
(LIPM) which is sometimes extended to account for the leg and torso dynamics. The LIPM
establishes a simple relation between the foot contact and the CoM through an ordinary
differential equation (ODE). The planning layer must synthesize CoM trajectories and
foot contact forces that satisfy both the ODE as well as the constraint of the unilateral
ground contact forces. The ZMP is often used as a simple criterion for feasible contact
forces. As the force trajectories are the limiting factor – the ZMP must remain within the
support area – most approaches first calculate the feasible force trajectories. Using the
ODE of the LIPM, this determines the CoM movement. Gaits designed using this simple
model do not consider the shock forces that occur at heel strike. For limitations of the
robotic platforms, the trajectories must be designed so that the landing foot impacts the
ground with minimal speed. Depending on the environment (e.g., uneven terrain) and
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Figure 2.14: Illustration of optimization-based gait generation used for the 3D walking of DURUS.
From [Hereid 16].

walking speed, this can be difficult to realize. This motivated the use of more sophisticated
nonlinear models [Grizzle 14].

The balance control is trying to avoid a fall of the robot while following the reference
trajectory. According to Buschman et al. there are three established mechanisms to control
the balance that correspond to three strategies:

• Modifying the contact forces – Ankle-strategy
• Accelerating the CoM in the horizontal plane – Hip-strategy
• Adapting the footsteps – Stepping-strategy.

The order of the listing reflects their potential to reject disturbances and reestablish balance.

Modifying the contact forces is the most exploited method. The majority of current bipeds
measures the ground interaction with a force-torque sensor that is located between the
ankle joint and the main foot structure. The ground forces andmoments are manipulated via
the low-level joint controllers. As the foot surface and hence the possible contact moments
are limited, for more significant disturbances, one of the two other strategies has to be
applied. Prominent examples of footstep adaption are the hopping machines developed
by Raibert and colleagues as well as the concept of the capture point introduced by Pratt
et al [Pratt 06]. For a LIPM, the latter equals the extrapolated CoM (xcom) introduced by
Hof et al. [Hof 08]. For all approaches, special care must be taken regarding the impact
induced by the landing of the foot.

A recent application of optimization-based gait generation that targets an efficiency compa-
rable to humans is the control approach developed for DURUS [Reher 16]. The feed-forward
joint trajectories are generated off-line using hybrid zero dynamics and virtual constraints
to formulate a nonlinear optimization problem, see Figure 2.14. The hybrid system model
– taking impacts as well as full-body dynamics into account – allows for the maximization
of the gait efficiency. Emphasizing the shortcomings of feed-forward gait generation, a
heuristic feedback had to be added as the feed-forward trajectories did not result in a
sustained gait. Notably, the approach relies on very accurate tracking of the desired joint
trajectories.
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Finally, it can be stated that, although much research has been conducted on model-
based approaches, they are still underachieving compared to human walking in many
aspects [Hobbelen 07].

2.2.2 Natural dynamics-based Control

Natural dynamics-based approaches are inspired by the insight that the properties of the
musculoskeletal apparatus are contributing significantly to the emergence of a natural-
looking gait. In contrast to the model-based control systems, in which the physical systems
are mostly forced into predefined joint trajectories, those approaches are explicitly targeting
the exploitation of the natural dynamics of the underlying physical system.

In accordance to the limit cycle stability mentioned above, Hobbelen et al. provide a formal
definition for limit cycle walking: Limit Cycle Walking is a nominally periodic sequence of steps
that is stable as a whole but not locally stable at every instant in time [Hobbelen 07]. Hence,
limit cycle walking focuses on stability from step to step instead of trying to establish a
continuous balance. Therefore, the approaches do not require an accurate position control.
The most prominent examples of limit cycle walkers are the passive dynamic walkers
pioneered by McGeer [McGeer 90]. They can walk on inclined slopes without any active
control. The limit cycle stability is mainly established by the hybrid dynamics of the system
– the mechanical stops of the swinging legs and the ground impact. The inclined ground
introduces the energy.

Derived from the passive walkers, other research focuses on the exploitation of the passive
dynamics while adding actuation and control. Often, concepts to substitute the energy
introduced by the slope by actuation and control are investigated. This enables the bipeds
to walk on level ground. One example is the robot Flame developed at the Delft Univer-
sity [Hobbelen 08]. At the heart of Flame’s controller, there is a finite state machine (FSM)
that reflects the current state of the robot including both legs. Using an additional control
for the lateral foot placement, even gait on uneven terrain became very stable. The lateral
balance is improved through an adaptation of the lateral placement of the swing foot. The
control of the foot placement is solely based on the lateral position and velocity of the
robot’s hip.

2.2.3 Biologically-inspired Control

Similarly, biologically-inspired control concepts do not rely on a precise model of the biped
either. The evidence for a central pattern generators (CPGs) at the spinal cord level found
in animals and humans inspires most of them [Riemann 02]. The CPGs are assumed to be
located in the spinal cord in the form of neural networks (NNs) – often referred to as spinal
pattern generators (SPGs). In various in vivo experiments, it has been shown that the CPGs
are generating rhythmic motion even in the absence of sensory feedback [Duysens 98].
This finding has inspired researchers to develop controllers for artificial bipedal walking.

Most commonly, either a neural oscillator as proposed by Matsuoka [Matsuoka 85] or a Van
der Pol oscillator [Teschl 12] are used to generate the rhythmic and alternating left-right
locomotion observed in vertebrates. Both oscillators exhibit limit cycle behavior which
introduces a certain degree of resilience against disturbances. Thus, after a perturbation,
the system returns to its normal rhythmic behavior. This property – besides others –
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Figure 2.15: Visualization of the adaptability compared to the learning demands of analytical/model-
based, CPG-based, and NNs-based approaches. Adapted from [Wright 15].

makes CPGs interesting for locomotion control [Ijspeert 08]. As observed in nature, the
rhythmic output is modulated by sensory feedback [Mazurek 12] – a mechanism frequently
adopted in artificial systems. According to Buschmann et al., the integration (entrain-
ment) of those reflex loops is considered one of the key features of biological walking
control [Buschmann 15]. One mechanism often exploited is the resetting of the oscillation
phase based on the ground contact. Ijspeert provides a comprehensive review of CPGs for
locomotion control of animals and robots [Ijspeert 08].

Besides the oscillator-based schemes there are also controllers that evolve around artificial
intelligence-based approaches – most prominently NNs, fuzzy logic (FL), and genetic
algorithms (GALs) [Al-Shuka 14]. In particular the NNs pose an unconstrained approach to
solve the problem of walking control. The downside of the unconstrained nature of NNs
are the many iterations needed for the training of the network. Especially, when deploying
the control on a physical system this might prove difficult. This relation is visualized
in Figure 2.15. It illustrates the adaptability of the control approaches compared to the
learning/optimization demands imposed by the method. For more details on the artificial
intelligence-based approaches in general, please refer to the overview given by Wright et
al. [Wright 15].

Recently, another group of biologically-inspired control approaches has emerged [Luksch 10,
Geyer 10, Wang 12, Song 13, Geijtenbeek 13]. They revolve around the notion that the in-
teraction of bipedal mechanics and motor control are crucial for the emergence of bipedal
locomotion – bipedal walking requires little control if the mechanical system is designed
appropriately. Till today they are mostly deployed on a simulated biped whose mechanical
properties are derived from the anthropomorphic counterpart. The segment lengths, the
mass distribution, and the actuation mimic the properties observed in humans.

While this is similar to the natural dynamics-based approaches, the pure bipedal mechanics
are extended with a bio-inspired actuation scheme. The properties of the actuation are
inspired by the antagonistically arranged muscle-tendon system found in humans. Most ap-
proaches assume a musculoskeletal system [Wang 12, Geyer 10, Song 13, Geijtenbeek 13].
Mostly, the models are extended by the muscles’ contraction and activation dynamics. The
contraction dynamics of the muscles are modeled according to the Hill’s muscle model
introduced in Section 2.1.1. Furthermore, the muscles are simulated to show the force-
length and force-velocity relation observed in the biological muscle. Geijtenbeek et al. also
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include a neural delay to all excitation and feedback signals to mimic the human nervous
system – between 5 ms to 20 ms depending on the location of the muscle [Geijtenbeek 13].
They demonstrate that both constraints – the activation dynamics and the neural delay –
lead to a more compliant gait with smoother torque profiles. Luksch is taking a different
approach by projecting the properties of an antagonistic muscle arrangement to the joint
space, [Luksch 10]. The activation dynamics, as well as the force-length/velocity relations,
are not mimicked.

Interacting with those simulated bipeds is a control that is inspired bymechanisms identified
in biomechanics and neuroscience. Again, in contrast to the NN- and CPG-based approaches
mentioned above, the mechanisms are mostly on a higher level of abstraction; i.e., a clear
functionality can be mapped to the mechanism. All the approaches divide the gait cycle
into various phases while the state transitions are triggered by kinematic or kinetic events,
e.g., the ground contact state of the leg. The number of phases and the conditions for phase
transitions vary among the approaches. The controllers are coordinated by one central
FSM per leg that implement the phases. While Geyer and Herr propose a model that is
only driven by reflexes [Geyer 10], the other approaches are combining reflex action with a
feed-forward input [Wang 12, Geijtenbeek 13, Luksch 10].

As both, the mechanical as well the control system, introduce a large number of free
parameters, Wang et al., Geijtenbeek et al., and Liu et al. are solving the problem of finding
the appropriate parameters set through optimization [Wang 12, Geijtenbeek 13, Liu 15a].
Therefore, some high-level objectives are defined that are driving the optimization – e.g.,
walking speed, head orientation, locomotion effort, and foot sliding. Geijtenbeek et al. even
optimized the attachment points of the muscles within a certain area [Geijtenbeek 13].
They find that the muscle attachments enhance the robustness of the emerging gait.
Furthermore, they observed that disabling the biomechanical constraints (i.e., activation
and contraction dynamics, neural delays) leads to more unnatural looking behavior.

Although the mentioned controllers are purely relying on proprioceptive feedback, their
robustness against external disturbances, such as uneven terrain and push forces, is impres-
sive. While the results are auspicious, until today, the approaches are almost exclusively
applied to simulation. Their full applicability to a real system remains to be shown.

2.3 Biologically-inspired Behavior-based Bipedal Locomotion
Control

Thus, to propose a set of requirement for a bipedal robot that is capable of supporting a
bio-inspired control, B4LC is introduced and analyzed in more detail [Luksch 10]. As briefly
mentioned above, B4LC draws its inspiration from mechanisms identified in neuroscience
and biomechanics. Luksch explicitly lists the key aspects of biological walking control
which he identified to be relevant for a technical control system [Luksch 10, pp.53]. The
structural aspects that indicate how to design an appropriate system are:

Functional Morphology It can be assumed that evolution optimized the humanmorphology
– especially of the lower limbs – for bipedal walking. This includes the geometry, the
mass distribution, and the actuation. Similar to limit cycle walking, the underlying
notion is that a suitable mechanical design facilitates the control task tremendously.
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Exploitation of Inherent Dynamics During the human gait, the functional morphology is
exploited. Workingwith instead of against the natural dynamics of the physical system
reduces the energy consumption and control effort.

Self-Stabilization The elastic properties of the muscles and the tendons introduce a certain
degree of inherent stability to the system. This allows for the compensation of small
perturbations – even in the absence of active control. Thereby, the requirements on
the communication and control system are mitigated.

Hierarchical Network The neural control network of human locomotion is organized hi-
erarchically. It includes the brain, the spinal cord, and the nerve fibers. Within
this network, stimulation signals are running down while sensory information is
channeled up.

Distribution and Spatial Relations To handle the high complexity and reduce the signal
density, the control units are distributed and located spatially related to their sphere
of influence.

Feed-Forward Motor Patterns It is assumed that feed-forward patterns of muscle activity
create coordinated synergies of movement. They are either activated by events –
kinetic or kinematic – or by a learned timing. For the desired gait to emerge, the
adequate timing and sequence of the motor patterns are ensured by spinal pattern
generators.

Feedback of Varying Complexity Control actions based on sensory feedback are performed
at various levels of complexity. Simple reflexes rely on local sensor data and affect
a single muscle group. More complex reflexes such as postural reflexes are acting
on spatially distributed muscle groups to generate whole body motions. The muscle
activation is derived from a multitude of spatially distributed sensory organs.

Phase-dependent Modulation Reflex action can be modulated based on the current loco-
motion phase. The spinal pattern generator determines the locomotion phases.

The structural aspects of human motor control indicate how to design an appropriate archi-
tecture for an artificial locomotion control. The functional analysis of human locomotion
delivers valuable insights into the functional role of the various control units. Luksch
identified the following functional elements to be relevant:

Control Units from Gait Analysis The kinetic analysis, as well as EMG recordings of the
human gait, provide information on the motor patterns involved in locomotion control.
Notably, both approaches do not allow to distinguish the feed-forward portion from
the reflex action. Still, the information might well be used to extract a qualitative
understanding of the mechanisms underlying the gait generation.

Five Walking Phases Based on the analysis of EMG data of a gait cycle, five basic compo-
nents have been identified. Furthermore, the timing of the components is related
to kinetic or kinematic events. Thus, a SPG can represent the five phases while
transitions are triggered by the sensory information indicating the respective event.
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Bilateral Synchronization The five walking phases for the two contralateral sides are syn-
chronized in human gait. Through this coupling, the coordination between the two
legs is guaranteed. This facilitates the control.

Reflexes during Walking To a certain degree, the reflex action when walking can be under-
stood by investigating impaired subjects or the specific inhibition of sensing organs.
The imitation of some of the identified reflex mechanisms can be beneficial for
robotic systems. They can happen at different levels of complexity – monosynaptic,
propriospinal, supraspinal. The terminology describes to which degree various layers
of the spinal cord and brain are involved in the reflex action.

Postural Control is Supraspinal Controlling the posture is beyond local reflexes as informa-
tion about the body pose and its dynamics is needed. Based on the estimated state,
whole body motions – e.g., arm movements or the adaptation of the foot placement
– might be derived.

2.3.1 Control Structure

Based on the identified key aspects, the B4LC approach has been designed. B4LC is not
describing the locomotion control on a neural level like other biologically motivated
control approaches, e.g., CPG- or NN-based approaches. Instead, the approach describes
the locomotion control on a structural abstraction level above the neuron. The relevant
mechanisms are transferred to functional control units that are composed in a behavior-
based control system.

The set of control unit classes includes locomotion modes, spinal pattern generators, motion
phases, motor patterns, local reflexes, and postural reflexes. They are shortly illustrated in
the following:

Locomotion Modes

Locomotion
Mode

Locomotion modes embody the deliberative process of choosing a performed loco-
motion – e.g., standing, walking, or running. This decision is made at the level of
the brain. Thus, within hierarchical control system underlying B4LC they are the
highest-level control unit.

Spinal Pattern Generators

SPG

As muscle activation seems to coincide with the gait phases, SPGs are central units
located at the level of the spinal cord. They generate the rhythmic patterns of
muscle activation. In B4LC, they are represented as FSMs in which state transitions
are triggered by sensory events. As there is no temporal component involved, the
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periodicity emerges solely from the robot’s interaction with the environment. This
promotes the exploitation of passive dynamics as the mechanical system is not forced
into time-based trajectories.

Motion Phases

Motion
Phase

The motion phases basically resemble the states within the SPG. Hence, they encode
the behavior of lower-level control units between two transitional events – the
stimulation or inhibition of the low-level units, the modulation of reflex action, and
the impedances of joints that are not actively driven.

Motor Patterns

Motor
Pattern

The motor patterns implement the feed-forward portion of the walking control. They
act locally and produce uniform torque patterns for one or more joints. The concept
is to implicitly shape the movement of the passive system to exploit the system’s
natural dynamics. Thus, the kinematics are implicitly encapsulated in the set of
torque commands. Although they are designed without feedback, amplitude and
duration of the torque might be modulated by control units located on higher layers
of the control hierarchy.

Local Reflexes

Local
Reflex

Most of the feedback mechanisms in human motion control are called reflexes.
Monosynaptic and propriospinal reflexes are understood as local reflexes within
B4LC. Thus, they only affect spatially related joints based on the data of adjacent
sensors. This introduces a tight sensor-actor coupling. The reflexes might either
exhibit a continuous behavior – e.g., linear or non-linear feedback controller – or
they are event-based. In case of the latter, the occurrence of a certain event changes
the reflex’s output.

Postural Reflexes

Postural
Reflex

Postural reflexes are characterized by the extend of their action and the complexity
of the internal model. They are the only control unit that contains explicit dynamic
models of the biped. The models are kept very simple to avoid intensive computa-
tions.
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Based on the structural aspects derived from biology, the control units are composed in
a behavior-based system. The hierarchical organization is illustrated in Figure 2.16. The
hierarchy is flowing down from left to right. The interaction of the control system with
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Figure 2.16: Hierarchical organization of the six classes of control units, the stimulation and modu-
lation pathways within B4LC, as well as the interaction with the mechatronics. From [Luksch 10,
p.73]

the mechatronic system is also indicated. The stimulation and modulation signals are
flowing from the highest hierarchical level (locomotion modes) down to the lowest level
(motor patterns and local reflexes). As the action of the motor patterns and local reflexes
is restricted to the local joint, they are encapsulated as joint groups.

In contrast to the stimulation signals, the sensory information is flowing the reverse
direction – when obtained from the mechatronic system it is first processed by the joint
groups. If the information is relevant for higher control levels, the preprocessed data is
forwarded. An exception poses the vestibular information – it is directly fed to the postural
reflexes. Similarly to the human, it is assumed that the locomotion modes and the sense of
balance are located at the level of the brain. As already mentioned, the postural reflexes
derive their action from a simple model. A LIPM is used to relate the CoM position and
movement to the foot contact. The CoM position is used to control the lateral stability. To
control the forward velocity, the extraploated center of mass (xCoM) as proposed by Hof is
used [Hof 08]. The xCoM relates the position of the CoM with its velocity using a constant
derived from the kinematics of the robot/human by

xCoM = d + ḋ

ω0
, ω0 =

√︃
g

h
, (2.5)

where d denotes the projection of the CoM on the ground, ḋ its velocity, and ω0 the
eigenfrequency of the inverted pendulum with h being its length.
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Figure 2.17: Illustration of four exemplary torque patterns that can be generated using the sigmoid
function. The three parameters define the rise time (T1), the beginning of the decrease (T2), and the
end of the fall (T3). As illustrated by the second curve, the output can be scaled by the factor A.
From [Luksch 10]

The joint groups generate the desired torques and impedances that are passed to the joint
control located at the mechatronic level. If several units want to control the same actuator,
the signals are fused. The torques are fused by a weighted sum approach, all other control
signals by a weighted average paradigm. The same parametrized sigmoid function shapes
the torque profiles produced by the motor patterns:

τ̂ = A ·

⎧
⎪⎪⎨
⎪⎪⎩

1
2 + 1

2 sin( π( t
T1

− 1
2) ) 0 ≤ t < T1

1 T1 ≤ t < T2
1
2 − 1

2 sin( π( t−T2
T3−T2

− 1
2) ) T2 ≤ t ≤ T3.

(2.6)

The three parameters T1,T2, and T3 define the rise-time, the duration of maximum torque,
and the fall time. The rising and the falling slope of the profiles are shaped sine-like to
avoid excessive jerk on a physical system. A alters the amplitude of the peak torque. The
output of the profile τ̂ ∈ [−1, 1] is scaled by the maximum torque of the joint. Figure 2.17
shows four exemplary torque profiles.
The SPG of the locomotion mode walking consists of five phases as shown in Figure 2.18.
This structure is derived from the five phases of muscle activity during a gait cycle identified
by Ivanenko et al. [Ivanenko 06]. The onset of the phases correlates with kinematic or
kinetic events. The temporal synchronization of four out of the five phases introduces the
bilateral coordination. As shown in Figure 2.18, the events locked knee and full contact are
the two events that trigger phase transitions on both legs simultaneously.

2.3.2 Simulated Biped
To prove the concept, B4LC has been deployed on a simulated biped. Thus, the mechatronics
as well as the environment indicated in Figure 2.16 are simulated using the Newton physics
engine1. As the exploitation of the passive system dynamics is a key concept for the
generation of a human-like gait – and therefore B4LC – the functional morphology of the
human musculoskeletal system has to be adopted. Therefore, the passive dynamics of the
mechanics – the range of motion, the kinematic layout and the weight distribution of the
simulated biped are oriented towards the human morphology. This leads to a simulated
biped that is 1.8 m tall, weighs 76 kg and features 21 DoFs. The segment lengths and masses
are similar to the measures found in humans with the restriction that the mass distribution
within the segments is assumed to be uniform. The simulated biped together with its

1http://newtondynamics.com/

http://newtondynamics.com/
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Figure 2.18: The five gait phases of the SPG for the left and the right leg and the sensor events that
trigger the phase transitions.

underlying kinematic structure are shown in Figure 2.19. The coordinate system defined
in Figure 2.19b is adopted throughout this thesis. Within each leg, the biped features six
DoFs of which three are rotating around the y-axis.

To drive the biped, a direct joint actuation is assumed. The antagonistic muscle arrangement,
as well as the biarticular structures found in humans, are not implemented explicitly.
Instead, the fundamental properties resulting from Hill’s muscle model and the antagonistic
arrangement are transferred to the joint space.

The assumed control structure encapsulating the torque controllable joints is illustrated in
Figure 2.20. Both, the torque and the desired position, are complemented by a stimulation
value (sτ and sα respectively). The resulting joint torque τcontrol is calculated by a weighted
sum (

∑︁
wi):

τcontrol = sτ (τtargetsτ ) + sα(τpossα)
sτ + sα

. (2.7)

τcontrol is superimposed with the torques emerging from the passive elements of the joint.
sτ can be used to scale the torque output while sα corresponds to the stiffness of the joint.
If sα is zero, a direct torque command can be implemented, Increasing sα increases the
joint stiffness and thereby imitates the co-contraction of antagonistic muscles observed in
humans. Thus, setting both stimulation values, sτ and sα, to zero, the joint only exhibits
its passive dynamics – a parallel nonlinear elasticity and constant damping. Consequently,
it acts transparently and can swing freely.

Regarding the sensory information, each joint provides feedback on its current angle
and torque. For the high-level postural reflexes, sensor feedback from the foot and an
inertial measurement unit (IMU) are provided. The latter is assumed to deliver three linear
accelerations and three rotational velocities. In contrast to the human vestibular system
located in the head, the IMU is placed in the pelvis. The simulated foot provides a perception
of the load in the foot soles and cutaneous sensory information. In the simulation, this
is realized by four load cells located at the corners of the foot. As shown in Figure 2.19a,
they are implemented by four rigid bodies placed at the corners of the foot. The portion of



2.3. Biologically-inspired Behavior-based Bipedal Locomotion Control 33
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Figure 2.19: (a) The simulated biped as visualized within the simulation framework. (b) The assumed
kinematic structure and a definition for a coordinate system. From [Luksch 10]

the force acting on the rigid bodies that is normal to the foot surface is used to calculate
the CoP and the normal force acting on it. Based on this information the ground contact
state is derived. To allow for a smooth heel-to-toe walking as observed in humans, the foot
elements are characterized by their rocker. This allows for a smooth transition to and from
the edges of the foot.

2.3.3 Gait Characteristics

From the interaction between B4LC and the simulated biped a natural looking bipedal
gait emerges. The control system is capable of transitioning between different locomotion
modes – e.g., from a stable standing posture to walking and vice versa. Walking velocities
between 1.1 m/s and 1.4 m/s have been demonstrated. It completely mitigates the bended
knees that can be observed in the majority of model-based approaches. Considering that it
only relies on proprioceptive feedback – no perception of the environment is influencing the
control – the gait is very stable regarding external disturbances. In this context, increasing
the robustness against uneven or inclined terrain and push forces are subject of ongoing
research [Zhao 13, Liu 15a, Zhao 15b, Zhao 15a]. Integrating a basic perception of the
environment, it could be shown how to adapt the control to overcome large obstacles by
over-stepping [Liu 16].

To illustrate the gait characteristic and derive the core requirements for a physical platform,
the following discussion is limited to the DoFs of the lower limb acting in the sagittal
plane. This limits the scope to the hip, the knee, and the ankle joint. At least for regular
straight walking on flat terrain, these are the DoFs that are primarily involved in the
forward locomotion. This is further underlined by the observation that mainly those joints
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Figure 2.20: Block diagram of the joint level control assumed in the simulated B4LC biped.
From [Luksch 10]

are actively controlled during a walking cycle [Luksch 10, p.167]. The complementary
kinematic and kinetic data for the other DoFs can be found in [Luksch 10].

Figure 2.21 illustrates the definitions for the joint angles and torques. The three joints –
hip, knee, and ankle – are abbreviated with H, K, A respectively in order to name, e.g., the
joint angles (θ{H,K,A}) and the joint torques (τ{H,K,A}). Both definitions are used throughout
the thesis.

θH

θK

θA

Figure 2.21: An abstract illustration of the planar leg structure to clarify the angle definitions and
the direction of positive angles/torques.

From a kinematic point of view, the locomotion is best described by the joint angle trajecto-
ries and the movement – translation and rotation – of the body segments relative to a fixed
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coordinate system. The data allows for direct comparison with human data. The joint angle
and velocity trajectories averaged over 30 steps are shown in Figure 2.22. The profiles
directly indicate the range of motion and the maximum velocities required to render the
B4LC gait.
From a kinetic point of view, the rendered joint torques and power are relevant quantities.
The average of both is plotted in Figure 2.22. Regarding the joint torques, among the
three joints, the hip joint has to produce the biggest absolute torques. The peak is around
174.3 N m. The knee joint (81.6 N m) and the ankle joint (61.4 N m) are of a similar magnitude.
A notable feature of the hip and knee profiles is the similar shape. Although they are
different in magnitude, almost throughout the whole gait cycle, they are of the same shape
and sign.
Power-wise, the highest output is also produced at the hip. Notably, the peak power
produced at the ankle joint towards the end of the stance phase is higher than the power
peaks that occur at the knee. Furthermore, as implicated by Figure 2.22 and explicitly
mentioned by Luksch, a considerable amount of negative work is being done throughout
a gait cycle [Luksch 10, p.166]. Potentially, this could be exploited to regain energy in
a technical system. Table 2.1 lists the minimum and maximum values of the relevant
kinematic or kinetic joint quantities.
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Figure 2.22: Plots of the kinematic and kinetic joint trajectories during a B4LC gait cycle. The solid
blue lines represent the hip data, the red dotted lines the knee data, and the yellow dashed lines
the ankle date. The vertical red dashed line indicates the toe-off event. The data is averaged over
30 steps (derived from [Luksch 10]). For the definition of positive angle and torque directions see
Figure 2.21.

Moreover, the joints’ stiffness in the lower limbs is actively adapted throughout the gait
cycle. Figure 2.23 shows the plots of the stiffness modulation. The shaded areas indicate
the joint stiffness sα and the dotted lines the target angles. Notably, the target angles only
take effect if sα is greater than zero. Additionally, to illustrate the effect of the stiffness on
the rendered motion, the actual joint angles of the respective joints are plotted.
Both, the hip and the knee data, illustrate the underlying throw-catch mechanism exploited
in B4LC. At the end of the swing phase, the leg is propelled forward by feed-forward



36 2. Bipedal Locomotion Control

Joint Unit Hip Knee Ankle

Min. Angle [◦] −108.9 −4.3 −24.6
Max. Angle [◦] −54.2 −60.2 23.8
Max. Velocity [◦/s] 320.5 407.8 421.5
Max. Torque [N m] 174.3 81.6 61.4
Max. Power [W] 382.9 66.6 230.0

Table 2.1: Minimum and maximum values of the mean joint angle trajectories over 20 steps during
normal walking on level ground.

torques acting at all three joints. The desired leg configuration for the weight acceptance
is established by catching the hip and the knee joints through an increase of their of their
stiffness. This mechanism ensures the exploitation of the passive dynamics during the leg
swing. In that context, the ankle joint is less critical as the foot is relatively light compared
to the other two segments.
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Figure 2.23: Plots of the modulate joint stiffness and the respective target angle during a B4LC
gait cycle. The data is shown for the three joints acting in the sagittal plane – hip, knee, and ankle.
The solid lines represent the actual joint angles and the dotted lines the target angles. The shaded
areas indicate the modulated joint stiffness sα. The vertical red dashed line indicates the toe-off
event.

The stiffness of the hip is increased around the heel strike. Firstly, to ensure a suitable
hip angle for the initial contact and secondly to support the weight acceptance during the
loading response. The knee stiffness is modulated during the biggest part of the gait cycle,
and thus a significant portion of the joint movement is shaped by the stiffness. During the
stance phase, it is used to support the body weight while roughly ensuring the desired
knee angle. Towards the end of the stance phase, when the contralateral leg gradually
accepts the body weight, the stiffness is continuously reduced until it reaches zero just
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before the toe-off event. During the swing phase, to allow for a free swing of the shank,
the stiffness stays zero. To catch the hip and thereby ensure a suitable joint configuration
for the initial contact, its stiffness is again increased towards the end of the swing phase.
The stiffness at the ankle is solely used during the swing phase to ensure ground clearance
of the foot.
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Figure 2.24: (a) The forces captured by the four load cells within the foot. The forces of both feet
are averaged over 30 steps. (b) The CoP trajectory in x-direction normalized to the foot length
within the two feet surfaces throughout one stride. The underlying dark yellow area represents the
double support phase, while the purple area indicates the period during which neither foot is in flat
contact with the ground. Both plots are derived from [Luksch 10]

The forces captured by the four load cells and the derived CoP position are plotted in
Figure 2.24. From the two illustrations, some interesting characteristics of the B4LC gait
can be derived. The loading of the foot during the heel strike is abrupt – in particular at
the inner heel. As the forces which occur during the heel strike are not controlled explicitly,
in contrast to the majority of model-based approaches, the loading of the foot exhibits an
impact nature. Furthermore, the foot forces show peaks during the push-off phase at the
end of the stance phase when only the toes are in contact with the ground. This indicates
that during this phase energy is introduced to propel the body and the swing leg forward.
Figure 2.24b shows the CoP positions within the two feet in the transversal plane. The
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red graph represents the CoP position of the right foot, the blue graph of the left foot
accordingly.

From this data, it is possible to derive the proportions of the different phases within a stride.
The yellow areas mark double support phases and the white area phases of single support.
Considering the single leg, the ratio between stance and swing phase is approximately 65 %
to 35 %. Although this is not exactly the ratio observed in human walking, it is relatively
close to the human example – 60 % to 40 %, see Section 2.1.1.1. The dark yellow areas in
Figure 2.24b emphasize the double support phases. Looking at the coordination between
the two legs, each double support phase poses around 15 % of a gait cycle. This matches
the value observed in the human gait pattern.

Notably, there are phases within the gait cycle during which none of the two feet is in flat
contact with the ground – indicated by the purple areas in Figure 2.24b. This implies that
the unpowered DoFs are exploited during the locomotion as, for instance, suggested by
Vukobratović et al [Vukobratović 07]. Overall, it can be stated that the B4LC gait is not in
explicit dynamic balance throughout the gait cycle. In particular, the impact forces at the
heel strike are not controlled explicitly. The resulting locomotion is close to the falling
from leg to leg observed in humans. This is further underlined by the comparison of the
produced kinematic and kinetic data to human data. While there are still deviations, the
gait characteristics and the kinematic and kinetic profiles show a high similarity to the
anthropomorphic role-model [Luksch 10, pp.157].

2.4 Requirements on a Suitable Robotic Platform
In the following, a set of basic requirements for a robotic platform suitable for deployment
of B4LC is established. As the analysis of the B4LC gait characteristics (Section 2.3.3), it is
mainly focused on the joints of the lower limb acting in the sagittal plane.

Partly, the requirements can be directly obtained by analyzing the simulated B4LC biped.
Others can be derived from the analysis of the B4LC gait characteristics elaborated in
Section 2.3. Biomechanical observations regarding the functionality of the human lower
limb complement the requirements. This is reasoned by two aspects. Firstly, the simulated
biped is of a rather simple structure compared to the musculoskeletal system found in
humans. Secondly, the physics engine only provides a rough imitation of the real world
physics – mainly due to its associated simplifications and sampling time. As the experience
shows, some dynamic effects can be diluted. Therefore, to fully mimic a human-like gait
with a physical platform, somemore elaborate mechanismsmight be necessary. An overview
of the functionality of the human lower limb during walking is provided by Torricelli et
al. [Torricelli 16].

For a human-like gait to emerge while exploiting the passive dynamics of the system, the
dynamic properties of the platform – i.e., the kinematic layout and the weight distribution –
should be oriented towards the morphology of the biological counterpart. The kinematic
layout is illustrated in Figure 2.19b. Within the lower limb, there are six DoFs – three at
the hip joint, one at the knee, and two at the ankle joint. Of those six DoFs, the three joints
acting in the sagittal plane are mainly responsible for the generation of the forward motion.
Thus, for the definition of the requirements, they are of particular interest. The minimum
requirements for the range of motion of the joints can be derived from the respective joint
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Figure 2.25: The length of the body segments relative to the body heightH . From [Winter 09, p.83]

angle trajectories. Table 2.1 lists the minimum and maximum values for the hip, the knee,
and the ankle. The listed values can be considered as the absolute lower bounds of the
required range of motions. Adding some margin, the ranges of motion should be sufficient
to produce the B4LC gait.

The segment length and the weight distribution of the simulated B4LC biped are based on
the data provided by biomechanical studies. In the biomechanical literature, the quantities
are mostly provided relative to the total body height and weight [Winter 09, Plagenhoef 83].
Furthermore, the literature provides the center of mass of each body segment – mostly
given relative to the segment length with the origin either at the proximal or distal end of
the segment. Although it might prove difficult to mimic the CoM position in a technical
system, generally it should be envisaged – within as well across the segments – to locate
the mass proximal. This is further supported by the CoM positions of the human thigh
and shank. They are located at 43.3 % of the segment length with respect to the proximal
end [Winter 09, p.98]. In a technical system, this mainly affects the mass of the actuation
system as it is the main contributor to the overall weight [Blickhan 07].

In contrast to the other bio-inspired control approaches mentioned in Section 2.2.3, in
B4LC a direct joint actuation is assumed. The properties of a hill-type muscle-tendon unit
are mapped to the joints. The joints implement a torque control as well as a position
control with variable stiffness. Although the joints do not provide means for the active
control of the damping, adaptive damping behavior is emulated by some reflexes through
the modulation of the desired joint torque. The actuation system of a suitable robotic
platform has to be capable of rendering a similar behavior. Therefore, the capability for
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Segment Length / Segment Mass / Proximal CoM Position /
Segment Body Height Body Mass Segment Length

Trunk 0.34 0.4970 0.500
Thigh 0.245 0.1000 0.433
Shank 0.246 0.0465 0.433
Foot 0.039 (Height) 0.0145 0.500

0.152 (Length) – –

Table 2.2: Relative segment lengths, masses, and CoM positions. The length is given relative to the
total body height, the mass relative to the total body mass, and the CoM position relative to the
segment length with the origin at the proximal segment end. Based on data from Winter [Winter 09,
pp.83].

torque and impedance rendering at the joint level is taken as a hard requirement. Although
precise numbers on the joint torque bandwidth in humans are not available, the aim should
be a torque bandwidth around 10 Hz. Furthermore, to fully exploit the passive dynamics,
the system should be capable of acting transparent [Carignan 00]. The joints must be able
to swing freely if neither a torque nor a stiffness is commanded. This transparency is of
particular importance for a natural looking and energy efficient gait.

Although biarticular actuation is not explicitly assumed in B4LC, the indication for the
introduction of such can be derived from the kinetic joint data. The observation that the
hip and the ankle torque profiles are of similar shape and sign throughout the biggest
part of the gait cycle supports the concept of the reduction of total muscle force proposed
by Prilutsky [Prilutsky 00].

To clarify the concept consider the torque definitions and the muscle-like actuation scheme
as depicted in Figure 2.26. Contracting either one of the biarticular muscles RF or HA
produces a torque of the same sign at both joints. Thus, depending on the ratio of the lever
arms via which the muscles act on the two joints, a portion of the required torque could
be rendered by the biarticular elements. The monoarticular elements would only have to
contribute the torques that cannot be produced by the biarticular elements. Although the
concept is clarified assuming a muscle-like actuation, the same holds for a bidirectional
actuation scheme that is capable of producing contraction and extension forces.

Furthermore, the relatively high torque and power rendered at the ankle joint in B4LC
suggest that the transfer of mechanical energy between joints proposed by Prilutsky is also
beneficial [Prilutsky 00]. The straight-forward deployment of stronger – and therefore
heavier – drives only acting on the ankle contradicts the necessity to match the dynamics
of the human leg. Naturally, adding biarticular actuation introduces additional weight as
well, but it provides the flexibility to transfer the added torque/power potential among the
joints. Thus, it might also be exploited to mitigate peak torques/power at more proximal
joints. Compared to restricting the torque/power potential to a single joint, this is a definite
advantage. Looking at the B4LC torque and power profiles (Figure 2.22), it can be seen
that peaks of the different joints are not occurring at the same time. An exception is the
power peak observed at the hip and the ankle around the toe-off event. In general though,
if properly exploited, adding biarticular actuation potentially provides a solution to the
dilemma of the weight-to-torque/power trade-offs often observed in bipedal robots. Hence,
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Figure 2.26: Abstract illustration of a leg with two antagonistic biarticular elements spanning the
hip and the knee joint. For clarity it only includes RF and HA.

besides the apparent mechanism derived from B4LC, the inclusion of biarticular elements
allows for the investigation and exploitation of other concepts described in biomechanics.

In the simulation, the wheel-like mechanism of the foot is accounted for by the spheric
shapes located at the front and the back of the foot. For their positive implications on
the efficiency, they should also be implemented by the physical foot. Still, the foot of the
simulated biped is a rigid body. Therefore, neither the active nor the passive mechanisms
observed in the human foot are imitated. If feasible, the physical foot should imitate the
mechanisms of its biological counterpart as closely as possible.

If the passive DoFs between the foot and the ground are exploited as a consequence of a
dynamically unbalanced gait (heel-to-toe walking), impacts at the heel strike are inherent
to the locomotion. The force and CoP trajectories of foot obtained from B4LC also indicate
the impact nature of the heel strike. Because of their short duration, the shock forces might
not be reflected adequately by the physics engine. In human walking, the forward limb is
loaded with 60 % of the body weight within 0.02 s [Perry 92, p.38]. Subtalar pronation is
the first mechanism to absorb the shock forces. Subsequently, the impact is absorbed by
appropriate reactions at the ankle, the knee, and the hip. Therefore, envisaging human-like
walking, a suitable bipedal robot has to be tolerant regarding impacts. This mainly affects
the foot structure and the actuation as they are exposed to considerable impact forces.

Concerning the required sensory feedback, the needed information can be directly adopted
from B4LC. At the joint level, the control requires information about the joint position, the
joint velocity, and the joint torque. The foot system has to provide information about the
CoP position and the state of the ground contact. In the simulation, the latter is obtained by



42 2. Bipedal Locomotion Control

combining the CoP position and the CoP force. Higher-level mechanisms use both values –
e.g., postural reflexes and phase transitions. Other higher-level postural reflexes rely on
information about the movement and pose of the upper body. Thus, for postural control, this
information has to be provided by the robotic platform as well. Table 2.3 briefly summarizes
the core requirements.

Requirement Description

Kinematic Layout Segment lengths similar to Table 2.2
Foot Structure Support heel-to-toe walking

Absorb shock forces
Range of Motion Lower bounds as listed in Table 2.1
Weight Distribution Segment masses similar to Table 2.2
Joint Torque/Power Max joint torque/power according to Table 2.1
Sensory Feedback Joint – torque, position, and velocity

Foot – ground contact state, CoP position/force
Upper body – posture/movement

Torque/Impedance Rendering Torque/impedance control at joint level
Transparency Legs must be able to swing freely
Biarticular Actuation Improved efficiency

Rendering of torque/power peaks at distal joints
Impact Tolerance Overall system, especially foot/actuation
Efficiency At the level of actuation

Appropriate foot structure
Possibility for energy storage/recuperation

Table 2.3: The requirement set for a suitable bipedal platform that is derived from the B4LC gait
characteristics, the properties of the simulated biped, and further biomechanical findings.

To conclude, this chapter provides the basis for the argumentations in the following thesis.
It introduces the fundamental concepts, notions, and terminology from neuroscience/biome-
chanics and robotics commonly used in the context of bipedal walking. Especially the
difference between statically balanced, dynamically balanced, and dynamically unbalanced
gaits is emphasized as this is a primary determinant for the gait characteristics. Subse-
quently, an overview of the technical approaches for the control of bipedal walking is given.
Due to the impressive performance of some recent bio-inspired control approaches, B4LC
is introduced and analyzed more in detail. As B4LC – and the similar approaches – are only
applied in simulation, a set of requirements for a suitable bipedal robot is derived. It is
summarized in Table 2.3. A platform that meets the requirements can be assumed to be apt
for the generation of a human-like dynamically unbalanced gait. Although they are derived
from B4LC, the requirements should be similar to those of the other bio-inspired control
approaches mentioned in Section 2.2.3. Furthermore, some of the requirements are also
mentioned by Vukobratović et al. as properties that potentially improve the performance of
bipedal robots [Vukobratovic 04], e.g., softness of the foot, inherent joint elasticity to absorb
shocks, and the synthesis of dynamic position-force control.
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In the previous chapter, a novel category of biologically-inspired control approaches for
bipedal walking has been introduced. These are characterized by combining the dynamics
of the human musculoskeletal system with a set of key control mechanisms identified
in biomechanics and neuroscience. Exemplary, B4LC has been introduced in detail – a
human-like gait emerges from the interplay of feed-forward motor patterns and feedback
reflex action. Besides the general concept of the control approach, the assumptions on the
simulated biped have been analyzed. Subsequently, the characteristics of the exhibited
gait have been illustrated. With the goal to deploy the controller on a physical system, a
set of requirements for a suitable robotic platform has been established.

Against this background, the following chapter introduces and categorizes the existing
robotic bipeds presented in the literature. Based on the fundamental properties of the
categories, their aptness for the rendering of a dynamically unbalanced human-like gait
is analyzed. The objective is to assess if there’s a suitable platform for the deployment of
B4LC.

3.1 Relevant High-Level Requirements
The evaluation of the robotic platforms only focuses on a subset of the requirements listed
in Table 2.3. Since the anthropomorphic role model inspires the design of most platforms,
a subset of the requirements is met in most cases. Other properties cannot be evaluated as
the data is not available/accessible.

For instance, the kinematic layout is very similar across all robots. Also, their range of
motion and the joint torques meet the requirements of B4LC. Due to their bended-knee
gaits, the requirements of ZMP-based control approaches are even exceeding the ones
from B4LC. The same holds for the required sensory feedback. The majority of the designs
provides the joint angles. The feedback of the joint torque, in contrast, is mainly limited to
bipeds that also feature torque control at the joint level.

The weight distribution of the robots cannot be assessed accurately as in most cases no
in-depth information is provided. Often particular attention is paid to a favorable inertia
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distribution within the lower limb. As all control approaches benefit from the improved
limb dynamics, if possible, the actuators are placed proximally. Again, it cannot be derived
from the published data to which degree the resulting characteristics resemble the human.

Hence, the requirements that allow for the differentiation between suitable and non-
suitable platforms based on the published data are impact tolerance, torque control at the
joint level, transparency, the presence of biarticular actuation, and a high drivetrain efficiency.

3.2 Existing Bipedal Robotic Platforms
In the course of the last five decades, numerous bipedal robots have been designed.
Thus, the following overview cannot cover all platforms. Instead, it tries to provide a
categorization, illustrate the general properties of each category and introduce some
exemplary platforms. The intention is to investigate why a category of platforms is or is
not capable of supporting B4LC.

Most fundamentally, looking at the existing robots, it can be distinguished between passive
and active bipeds. Some examples for passive walkers have been mentioned in Section 2.2.2.
For a stable gait to emerge, they rely on a predictable interaction with the environment. In
the absence of actuation, there is nomean for a control system to influence themotion. Thus,
the bipeds designed for versatile and robust locomotion are actively driven. They feature
an actuation system with a varying number of active DoFs. If 3D walking is envisaged, most
bipeds do feature six active DoFs in the lower limbs – three at the hip joint, one at the
knee, and two at the ankle.

Among the actively driven bipeds, it can be further distinguished between stiff and compliant
platforms. Whether a biped is stiff or compliant is determined by the open-loop compliance
of its actuation system. In the context of robotic bipeds, there are mainly three energy
sources deployed: electrical, hydraulic, and pneumatic. Examples of stiff actuation are EM
motors in combination with a high-ratio gearbox and hydraulic systems. Pneumatic systems,
in contrast, are inherently compliant due to the compressibility of air. As is elaborated in
the following, there are approaches to increase the compliance of per se stiff actuation
through the specific introduction of a physical elasticity.

3.2.1 Bipeds with Stiff Actuation
Mimicking the human morphology, the lower limbs of most platforms exhibit a serial
kinematic structure. A limb usually consists of three links – thigh, shank, foot – connected
by serially arranged joints for each DoF. Even if, as mentioned above, the hip features
three DoFs, they are implemented as three separate serially arranged joints of which
each is driven by a dedicated actuator. This serial arrangement together with the inverse
kinematics-based control approaches that have been adopted from industrial robotics lead
to designs emphasizing stiffness. As elasticity and non-linear effects, such as backlash,
introduce inaccuracy to the joint trajectories and subsequently to the foot position in
space, they were mitigated as much as possible. Thus, the links and the actuators are
designed as rigid as possible. Stiff electrical actuation drives most of the bipeds presented
in the literature. Electrical actuators are favored because of their good controllability,
high efficiency, and easy maintainability in the R&D context. This can be considered the
conventional and for a long time prevailing approach for biped design.
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(a) (b)

Figure 3.1: (a) Hip design of TU München’s LOLA – the three DoFs of the hip are implemented
as three serial joints with the actuation being directly integrated. From [Lohmeier 06]. (b) More
unconventional hip design of Virginia Tech’s THOR – two DoFs (yaw and roll) are actuated by two
parallel SEAs. From [Lee 14]

3.2.1.1 Kinematically-controlled Bipeds

Some prominent examples – besides Honda’s ASIMO [Hirai 98] and TU München’s LOLA
[Lohmeier 09] alreadymentioned in the introduction – are PAL Robotics’ REEM-C, AIST’sHRP
series [Kaneko 09], Waseda’s Wabian series [Ogura 06], and KAIST’s HUBO series [Lim 17]
(shown in Figure 3.2). They are, with the exceptions of some DoFs, driven by a rotary
joint actuation. The drivetrains are composed of an electrical motor – mostly a brushless
DC (BLDC) – and a Harmonic Drive (HD)1 gearbox with a high gear ratio. In some designs,
actuators based on linear transmissions (ball or roller screws) are deployed for the more
distal joints, e.g., the knee and ankle DoFs of LOLA. As the robots have been designed with
kinematic-based control approaches in mind, the actuators only allow for position/velocity
control of the joints. To estimate the interaction forces with the environment and therefore
enable ZMP-based control approaches, a six-axis force/torque sensor (FTS) is deployed
between the ankle joint and the foot structure.

Those conventional designs come with some major drawbacks – they are prone to damage
and suffer from inefficiency. The low efficiency mainly originates from the HD transmis-
sions. Due to internal friction, they are characterized by an efficiency usually around
70 % [Ueura 08]. Moreover, the high stiffness of the drivetrains together with the design
constraints on the weight and the physical dimensions lead to a high sensitivity regarding
impacts on the outputs. The component that is most likely to be damaged is the HD as
the force flux mainly travels through a few small contacting surfaces of its engaged cogs.
Another component that is prone to be damaged is the COTS FTS located at the ankle. As

1www.harmonicdrive.net

www.harmonicdrive.net
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(a) (b) (c) (d)

Figure 3.2: Prominent examples of stiff bipedal robots driven by a combination of an EM motor and
a HD gearbox – (a) PAL Robotics’ REEM-C from [Lanari 14], (b) KAIST’s DRC-HUBO+ from [Bae 16], (c)
AIST’s HRP4 from [Kaneko 11], (d) Waseda’s WABIAN-2R from [Ogura 06].

they are especially sensitive to torques – the main load that originates from the heel strike
– the FTS tend to break in case of high impacts.

This phenomenon has ignited a whole string of research on how to mitigate the peak forces
through the appropriate control of the gait. However, especially when walking on uneven
terrain, where the exact timing of the ground contact cannot be anticipated, this poses an
inherent limitation of the platforms [Buschmann 15]. Therefore, almost all conventional
stiff bipeds have some mean of shock absorption in the foot sole. Often this is implemented
by rubber bushings as, e.g., in the foot of ASIMO [Hirai 98]. To summarize, the substantial
shortcomings of kinematically-controlled bipeds regarding the rendering of the B4LC gait
are illustrated in Figure 3.4a.

3.2.1.2 Torque-controlled Bipeds

To improve the interaction with the environment, platforms that feature conventional stiff
actuators (BLDC + HD) extended by a torque sensor have been presented. The torque sensor,
based on a stiff strain part, is placed in series with the drivetrain. Thereby, the closed-loop
torque control of the single joint and thus a compliant interaction with the environment
become feasible. Being able to control the joint torque accurately makes it possible to
control the joint impedance – and therefore its compliance actively.

The imitation of a compliant behavior with a stiff actuator is often referred to as active
compliance [Ham 09]. The bandwidth of the controllable interaction forces is limited by
the bandwidth of the joint torque control. Impact forces that are beyond the bandwidth
of the torque control cannot be mitigated by active control and therefore are exposed
to the drivetrain [Dallali 14]. So still, the drivetrain, as well as the series FTS, might be
damaged. Two exemplary bipeds that are designed according to this approach are TORO
developed at the DLR [Englsberger 14] – see Figure 1.3c – and Pyrène developed by PAL
Robotics and the CNRS-LAAS [Stasse 17]. TORO is shown in Figure 1.3c, Pyrène can be
seen in Figure 3.3a.

While torque controllable bipeds are capable of interacting with the environment in a more
compliant way, the impact tolerance of the platforms is not significantly increased. Neither
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(a) (b) (c) (d)

Figure 3.3: Examples of bipeds that feature conventional EM actuation with torque-control, hydraulic
actuation, or a reduced drivetrain impedance – (a) CNRS-LAAS’ Pyrène from [Stasse 17], (b) Boston
Dynamic’s Atlas1, (c) Sandia’s STEPPR from [Mazumdar 15], (d) SRI’s DURUS from [Hereid 16].

is the efficiency of the drivetrain improved as they still evolve around a HD transmission.
A qualitative illustration of the applicability of torque-controlled bipeds for dynamically
unbalanced walking is depicted in Figure 3.4b.

3.2.1.3 Hydraulic Bipeds

One way to increase the impact tolerance is to increase the robustness of the actuation
system. This can be achieved by using hydraulic actuators. Although being very stiff,
hydraulic systems are robust and hence very tolerant to impacts. This is why they are widely
used in applications that are characterized by rough interaction with the environment, e.g.,
bucket excavators. The achievable power with hydraulic systems exceeds EM drives. Torque
or force control of hydraulic actuators can be realized by controlling the applied chamber
pressure or through an additional series load cell [Semini 10]

The most prominent examples for hydraulically-driven bipeds are Petman and Atlas from
Boston Dynamics2 [Nelson 12, DeDonato 15]. A hydraulic quadruped developed by Boston
Dynamics is BigDog [Raibert 08]. Presumably, it is based on the same hydraulic actuation
as its two bipedal relatives. In the video material released by Boston Dynamics, the
exhibited skills are impressive. Unfortunately, besides the three publications referenced
above, there is no in-depth information on the systems published. Other hydraulically-
driven bipeds are CMU’s Sarcos [Bentivegna 07] and the Waseda Leg No. 12 Refined VII
(WL-12RVII) [Yamaguchi 97].

Similar to the EM actuation, the need for miniaturization decreases the impact tolerance of
hydraulic actuation. Furthermore, the collision of two very stiff systems – the hydraulically-
actuated robot and the environment – the impact forces are transmitted to the robot
structure and thereby provoke oscillations. This structural oscillation can also be observed

1Atlas from Boston Dynamics" by The Kansas City Star is licensed under CC BY-SA 3.0.
2https://www.bostondynamics.com/

https://commons.wikimedia.org/w/index.php?curid=49391780
https://www.kansascity.com/
https://www.bostondynamics.com/
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Figure 3.4: Radar charts illustrating the aptness of the different categories of stiff bipeds for the
rendering of the B4LC gait.

when a bucket excavator is interacting with hard materials. As the oscillations are beyond
the bandwidth of the closed-loop control, they are causing a chatter after touchdown.
Therefore, hydraulic platforms often implement a passive DoF at the distal end of the
limb [Semini 11, Yamaguchi 97, Raibert 08]. Boston Dynamic’s BigDog also features such
a passive DoF. However, it is not published if the two Boston Dynamics bipeds also feature
such a passive DoF at the foot.
The most significant drawback of hydraulics is its low efficiency – often far below 50 %.
Furthermore, the efficiency decreases with increasing operating pressure which leads to a
trade-off between power density and efficiency. The low efficiency let Defense Advanced
Research Projects Agency (DARPA) to fund the development of bipedal platforms with
an increased overall efficiency. Figure 3.4c illustrates the applicability of hydraulically-
actuated bipeds for the B4LC gait.

3.2.1.4 Bipeds with Reduced Drivetrain Impedance

Another approach to improve the impact tolerance is to increase the open-loop backdriv-
ability of the actuation system and thereby reduce its output impedance. For EM actuation,
the output impedance is mainly determined by the reflected impedance (inertia and damp-
ing) of the motor plus the friction of the transmission system. Therefore, to decrease the
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open-loop output impedance of an actuator, transmission systems with low gear ratios and
low internal friction have to be deployed. Doing this results in increased efficiency of the
transmission system and hence of the drivetrain.

Two representatives of this category are DURUS (sometimes also referred to as PROXI)
developed at SRI International [Reher 16] and STEPPR developed at Sandia National Lab-
oratories [Mazumdar 15], both shown in Figure 3.3. The two developments have been
sponsored by DARPA with the goal to increase the efficiency of bipedal platforms. Both
are driven by BLDC motors combined with custom transmission systems. DURUS’ transmis-
sion system is composed of a chain reduction in series with a custom designed cycloidal
gearbox. The claimed efficiency is above 97 %. Additionally, each joint of DURUS allows
for local torque control. Unfortunately, to the author’s knowledge, no information on the
implementation of the torque sensing is available. A key feature of DURUS is the significant
compliance – two parallel linear springs – located below the ankle joint. As Reher et
al. state, it allows for gaits with significant energy savings during the foot impact. The
drawback is the additional passive DoF that has to be controlled.

STEPPR is also driven by BLDC motors. The transmission is implemented by pre-tensioned
synthetic ropes wrapping around a sheave at the input and a pulley at the output. The
resulting transmission ratios range from 5 to 10 at the various joints. Following the
assumption that the intrinsic friction of the transmission is very low, no closed-loop torque
control is available. Instead, it is implemented open-loop by controlling the motor current.
Based on an analysis of three different envisaged gaits, two parallel springs have been
integrated at the joint level. One unidirectional spring is added at the hip adduction. It
supports the lateral stabilization of the robot during the stance phase. A second unilateral
spring supports the ankle flexion. It counteracts the forward falling of the body during the
stance phase. As the ankle spring is not desirable during the swing phase, a mechanism for
phase-dependent spring engagement has been added.

A common drawback of the two platforms is the pronounced passive DoFs. They might
be beneficial for certain gaits, while for others they might be without an effect or even
counterproductive. Mazumdar et al. explicitly state that they observed a walking motion
during which the ankle springs hindered the motion [Mazumdar 16]. Furthermore, for
optimal effect, the engagement positions of the two springs have to be altered for the three
analyzed walking gaits [Mazumdar 16]. This observation already indicates that pronounced
passive – and especially parallel – DoFs might limit the versatility of a biped. Figure 3.4d
summarizes the aptness of bipeds with reduced impedance for a dynamically unbalanced
gait.

3.2.2 Bipeds with Compliant Actuation
A completely different approach to biped design which moved in the focus of research
during the last decade is the design of compliant systems. In contrast to stiff bipeds, they
are characterized by actuation with a comparably high open-loop compliance. Generally,
there are two ways to introduce natural compliance. One is to deploy an actuation scheme
that features inherent compliance, e.g., pneumatics. A second is to introduce an elasticity
in series with a per se stiff actuator.

Pneumatics, most probably due to their low efficiency and bad controllability, did not
receive much attention in the context of bipedal robotics. Although artificial pneumatic
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Figure 3.5: Exemplary compliant humanoids – (a) IIT’sWALK-MAN [Negrello 15], (b) NASA’s Valkyrie3,
(c) Virginia Tech’s ESCHER [Hopkins 15], (d) Oregon State University’s ATRIAS [Hubicki 16].

muscles allow for tight integration and provide good force-to-weight/volume ratios, the
drawbacks outweigh the advantages. Therefore, the concept of compliant actuators has
been investigated more thoroughly. It unites the advantages of physical compliance with
the advantages of the paired actuation technology. Pratt et al first introduced the notion.
two decades ago [Pratt 95a]. They explicitly investigated the properties of the so-called
SEAs. Besides SEAs, more complex approaches that allow for the modulation of the physical
compliance – the variable stiffness actuators (VSAs) – have been presented. A more detailed
overview of compliant actuation is given in Section 4.1.2.

Two major advantages make SEAs attractive for the scenario of bipedal walking. The first
is the increased robustness against impacts. The open-loop compliance mitigates the force
peaks acting on the transmission. A second advantage is the possibility for torque control.
If the characteristic of the compliant element is well known, it can be used as a torque
sensor, and hence the torque acting at the output can be directly estimated. Thus, some
robotic bipeds have been developed based on this actuation approach. As the main focus
of the DARPA Robotics Challenge (DRC) was on the interaction with the environment, three
of them have been specifically developed to participate in the DRC 2015 – IIT’s WALK-MAN,
Viginia Tech’s ESCHER, and NASA’s Valkyrie. To complete the DRC tasks, the robots had to
manipulate objects or move through unstructured, scattered environments.

To have a European entry at the DRC, WALK-MAN has been developed in the scope of the
EU funded FP7 project WALK-MAN4 [Tsagarakis 17]. WALK-MAN is shown in Figure 3.5a. It
exhibits a serial kinematic structure similar to the conventional biped design. To enhance
the physical robustness and allow for full state feedback, all actuators are implemented as
rotary SEAs [Negrello 15]. The combination of BLDC and HD is extended by a torsion bar
that serves as the physical compliance. The torsion bar is placed between the output of the
gearbox and the output flange of the unit. Knowing the properties of the torsion bar and
measuring the angular deflection at both of its ends, the acting torque can be estimated.

3Image courtesy of Benedict Redgrove from his project NASA - Past and Present Dreams of the Future. All
copyright remains with the artist.

4http://walk-man.eu

http://d1welqkpllnvag.cloudfront.net/2016/10/04170041/20160719_JSC_Valkyrie_Twisted_Rev_A-1920x2400.jpg
http://benedictredgrove.com/
http://benedictredgrove.com/nasa-past-and-present-dreams-of-the-future/
http://walk-man.eu
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Moreover, to improve the leg dynamics, the actuator mass was placed as proximal as
possible. Therefore, the pitch of the knee and the ankle are driven via four-bar linkages that
allow for the placement of the SEAs right below the hip and the knee joint respectively.

Similar to WALK-MAN, NASA’s Valkyrie also resembles a conventional biped with compliant
actuation [Radford 15, Paine 15a]. Except for the two DoFs at the ankle joint, all joints
within the leg are driven by rotary SEAs. The rotary SEAs are implemented by BLDC motors
combined with HDs. Instead of a torsion bar, the physical elasticity is realized via custom-
designed torsion springs. For the linear SEAs, roller screws and COTS die springs are
used. Similar to WALK-MAN, the knee actuator is placed more proximal to improve the leg
dynamics. In Valkyrie this is realized by a timing belt.

The Electric Series Compliant Humanoid for Emergency Response (ESCHER) is an upgraded
version of the THOR humanoid – both developed at Virginia Tech, see Figure 3.5c. The two
bipeds differ from most other platforms as their lower limbs are completely driven by linear
SEAs. Instead of roller screws, a combination of a timing belt and a ball screw is used as a
transmission. The compliance is introduced by titanium leaf springs arranged in parallel to
the body of the actuator. Instead of measuring the deformation of the compliance estimate
the actuator force, a COTS load cell is placed in series. The linear SEAs are driving the
joints in two configurations – either parallel in which two SEAs drive two orthogonal DoFs
or serial where one or more SEAs drive a single joint. A parallel configuration actuates the
hip roll and yaw axis and the two DoFs of the ankle. Serial arrangements are implemented
to drive the hip and the knee pitch. In THOR the two pitch actuators were connected to the
joints through four-bar linkages. To meet the peak torque requirements for the DRC tasks,
they were substituted by simple lever arms in ESCHER. Another modification compared to
THOR is the two parallel actuators that drive the knee joint – a single actuator could not
provide sufficient torque to meet the DRC requirements.

Oregon State University has taken a different approach to biped design with ATRIAS, see
Figure 3.5d [Hubicki 16]. The system has been developed to approximate the spring-mass
model that is often used to describe bipedal locomotion. This entails four key properties: a
massless leg, a compliance located between the ground contact and the hip, leg forces that
are restricted to a virtual leg axis, and a CoM that is located close to the hip joint. In contrast
to the platforms presented so far, four-bar linkages made of carbon fiber implement ATRIAS’
legs. This mechanism allows for the same leg DoFs as a serial arrangement composed
of a knee and a hip joint. The elasticity is introduced by two fiberglass plate springs
placed between the legs and the two actuators that act in the sagittal plane. A BLDC/HD
combination implements the actuators. Two other stiff hip motors render the adduction
and abduction. To make the control of ATRIAS feasible, all states including the spring forces
are captured. Notably, ATRIAS does not implement feet – it only features rubber nubs. As
the nubs do not provide a support polygon, a human-like gait is not feasible. Therefore,
ATRIAS is not considered in the concluding considerations.

The radar map, shown in Figure 3.6, visualizes the properties of compliant bipeds with
respect to the requirements of a dynamically unbalanced gait. As the physical compliances
– except for ESCHER – are used as torque or force sensors, the bipeds allow for torque
control of all DoFs. Based on a good torque/force control, the closed-loop control of the
joint impedance is also possible. As the drivetrains of the actuators are still characterized
by high gear ratios, and therefore a high output-impedance, the transparency, the impact
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Figure 3.6: Radar map illustrating the aptness of compliant bipeds for the rendering of the B4LC
gait.

tolerance, and the efficiency are reduced. Further on, none of the platforms includes
biarticular actuation.

3.2.3 Bio-Mimetic Bipeds with Biarticular Actuation

Taking the requirement for biarticular actuation into account, the number of existing
platforms is rather limited. Most probably due to the facilitated mechanical integra-

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

Figure 3.7: Bio-inspired robots with biarticular actuation – (a) Osaka University’s Pneumat-
BS (from [Ogawa 11]), (b) University of Arizona’s Achilles (from [Klein 09]), (c) DLR’s C-Runner
(from [Loeffl 16]), (d) University of Darmstadt’s BioBiped3 (from [Sharbafi 16]).

tion, the majority of musculoskeletal robots are implemented using artificial pneumatic
muscles [Ogawa 11, Niiyama 12, Zang 16, Kurumaya 16]. So far, none of the pneumatic
platforms demonstrated a human-like walking gait. The associated research rather focused
on either highly dynamic movements like open-loop running or jumping. This might be due
to the fundamental limitations of pneumatic actuation – although the systems are inher-
ently compliant, they are hard to control [Caldwell 95]. Together with their low-efficiency
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pneumatic actuation is an inappropriate choice for the realization of efficient human-like
walking.

An example of a stiff electrically-driven bio-mimetic platform is Achilles developed at
the University of Arizona [Klein 09]. As shown in Figure 3.7b, Achilles is based on the
mammalian muscle architecture. It implements the simplified model of the human leg
proposed by Prilutsky and Zatsiorsky (compare Figure 2.5a) that includes nine muscles
– six mono-articular and three biarticular muscles. The design is driven by the idea to
investigate the concept of work transfer by the biarticular muscles. The unidirectional
muscle-like actuation is realized by kevlar straps connected to COTS servo drives. For force
feedback, a force sensor is placed in line with the straps. As not all of the deployed servo
drives provide the possibility for torque control, all of them are operated in position control.
There is no physical compliance in the system – neither in the drivetrain nor at the foot. It
is not documented if the system is capable of accurate force control at the actuator level.
The foot dorsiflexion is not driven by an actuator. Instead, it is implemented by a passive
spring. The sensory system in the foot consists of a contact sensor in the heel and pressure
sensors on the toes. Therefore, an estimation of the CoP position is not possible.

A very recent development is the C-Runner developed at the DLR in 2016 (see Figure 3.7c)
[Loeffl 16]. The defined design requirements show a big intersection with the ones derived
in Section 2.4. Loeffl et al. also explicitly mention the extension to biarticularity. Each
leg of the platform is driven by three BLDC motors combined with HDs that are placed at
the proximal end of each element. Again, the use of HDs diminishes the efficiency of the
system. The torque is transmitted to the joints via steel tendons. In line with each tendon,
there are two pre-tensioned COTS die springs housed in a tube. Instead of obtaining the
joint torques through the spring deflection, additional torque sensors are placed at the
joints. No details are published to what degree the current system allows for accurate
torque/impedance rendering at the joint level. The ground reaction forces are detected by
three OptoForce5 sensors that provide force feedback in three dimensions. They are placed
in the ground contact silicon domes – one at the heel, two at the front of each foot. The
robustness of the system is demonstrated during jumping experiments and dynamic gaits
that exploit the system’s natural frequencies [Lakatos 16]. By changing the routing of the
tendons, different actuation configurations can be realized. The cables can be spanned
across multiple joints and therefore act biarticularly. As there are just three actuators
per leg, it is only possible to implement either mono- or biarticular actuation, not both.
Therefore, the potential benefits of the interaction between mono- and biarticular actuation
can neither be investigated nor exploited.

A series of electrically driven, compliant platforms that include mono- and biarticular actu-
ation are the BioBipeds developed at the University of Darmstadt [Radkhah 11, Scholz 12,
Sharbafi 16]. They were designed with the long-term goal to realize human-like three-
dimensional running [Radkhah 11]. Similar to Achilles, BioBiped3 features the predominant
muscles that act in the sagittal plane of the human lower limp [Scholz 16, Sharbafi 16].
The compliance of the leg is considered to be a key-enabler for walking and running gaits.
In contrast to C-Runner, where the drive units act bidirectionally, the joints in BioBiped3
are driven by antagonistically arranged unidirectional SEAs. DC motors shorten or lengthen
an attached rope by winding/unwinding it on/off a spindle. In series with the rope are

5https://onrobot.com

https://onrobot.com
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tension springs that are connected to the joints through a lever arm. Hence, the drives’
gear ratio can be adapted by changing the diameter of the spindles or the lever arms. To
measure the spring force, tensile force sensors can be mounted between the spring and
the joint. Passive springs realize the flexion of the knee and the ankle. Thus, the system is
not fully actuated. A COTS carbon fiber prosthesis is used as a foot. The ground reaction
forces are measured via a COTS six-axis FTS. In particular, the two passive springs at the
two monoarticular flexors prevent a high fidelity force control of all joints. Even for the
fully actuated joints, it has not been shown if the actuators are capable of providing a
high-fidelity force control. The robustness of the system has been demonstrated during
coordinated dynamic movements such as synchronous and alternating hopping. Although
BioBiped3 is the existing robotic platform closest to meeting the requirements for the
deployment of B4LC, the lack of full joint torque control makes it unsuitable.
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Figure 3.8: Radar maps illustrating the suitability of the bipeds that feature mono- and biarticular
actuation for the rendering of the B4LC gait.

The adequacy of the bio-mimetic bipeds is illustrated in Figure 3.8. It can be seen that
none of the platforms meets the requirements of a dynamically unbalanced gait.

A criterion that has been neglected in the considerations above is the foot structure. This is
because the implemented feet are not related to the presented categories. Instead, they are
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an individual property of each platform. However, it can be stated that the majority of the
presented bipeds deploys very simplified foot implementations. In most cases, even in very
recent developments, it is a rigid monolithic plate. As a plate-like foot makes human-like
heel-to-toe walking difficult, it disqualifies many of the bipeds for the use of B4LC. Only
some platforms feature feet that implement more sophisticated mechanisms to mimic the
complex structure of the human foot more closely.

To summarize the suitability of the existing platforms for the deployment of B4LC, some
representatives are listed in Table 3.1. The table is extended by the requirement for an
appropriate foot structure. The table shows, the developments exhibit a large spectrum
regarding the fundamental characteristics of the platforms. Still, there is none that meets
the requirements of B4LC. There have been efforts to develop physical platforms capable of
meeting the specific requirements of bio-inspired controllers. However, especially platforms
that are compliant and include redundant biarticular actuation are sparse.
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3.3 Design of a Bio-Mimetic Robotic Leg
With the vision to deploy B4LC on a physical robotic system, the current state of the art
of bipedal robots is assessed above. Besides the conventional platforms – where pure
technical considerations drove the design – some bio-mimetic bipeds have been presented
recently. Still, none of the existing systems is tailored for the rendering of a human-like
dynamically unbalanced gait. The most appropriate platform is the BioBiped3 from the
University of Darmstadt. Its main shortcoming is the actuation system and therefore the
capability to provide high fidelity torque control at the joint level.

Thus, to pursue the idea of embodying B4LC, the design and the underlying design decisions
of CARL are presented in the following. CARL is a planar bio-mimetic compliant robotic leg
that includes mono- as well as biarticular actuation. As a first iteration, the development
of a planar leg system seems to be an adequate choice. As the main part of the locomotion
is rendered in the sagittal plane, this allows for the evaluation of the applicability of the
developed concepts and technologies. Clearly, constraining the walking motion to a single
plane does not fully resemble the locomotion observed in humans. However, as argued
above, the notion is that a functional planar system can be extended to unconstrained 3D
walking.

To establish representative dynamics, the envisaged leg should resemble the morphology
of a 1.70 m and 75 kg human. The relative proportions given in Table 2.2 define the absolute
proportions given in Table 3.2.

Length [m] Mass [kg] Proximal CoM [m]
Trunk 0.58 37.3 0.29
Thigh 0.42 7.5 0.18
Shank 0.42 3.5 0.18
Foot – Height 0.07 1.1 0.04
Foot – Length 0.26 – –

Table 3.2: Envisaged absolute segment lengths, masses, and CoM positions assuming a 1.7 m and
75 kg biped. Values are derived from the relative proportions given in Table 2.2.

From a design point of view, a robotic lower limb can be decomposed into three main
subsystems – the actuation units, the foot, and the leg structure. The actuation units can be
further decomposed into the actuator and its encapsulating embedded system. Table 3.3
shows a mapping of the elaborated requirements onto the different subsystems. The radar
maps in Figure 3.9 illustrate the tabular content graphically. The figures express the impact
of a requirement on the design of a subsystem. Vice versa, the figures express how the
subsystem design affects the properties of the overall system. Besides the direct mapping of
the high-level requirements onto the subsystems, the solution of a subsystem can influence
the design of the other subsystems.

From Figure 3.9a and Figure 3.9b it becomes obvious that the actuation unit is the most
fundamental subsystem. Except for the foot structure, the design of the physical actuator
is driven by all requirements. Together with the encapsulating embedded system, the
actuation units are the main determinant of the overall system’s functionality. In particular
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Subsystem Actuation Unit Foot Leg
Physical Actuator Embedded System

Kinematic Layout • - • •
Foot structure - - • -
Range of Motion • - - •
Weight Distribution • - • •
Max Joint Torque/Power • - - •
Torque/Impedance Control • • - -
Transparency • • - -
Biarticular Actuation • - - •
Impact Tolerance • - • •
Sensory Feedback • • • •
Efficiency • • • -

Table 3.3: Projection of the requirements onto the various subsystems composing a robotic lower
limb.

the requirement for mono- as well as biarticular actuation results in a redundantly actuated
system in which all actuators are coupled. The actuator arrangement should mimic the sim-
plified muscle arrangement proposed by Prilutsky et al. as close as possible [Prilutsky 02].
The arrangement is shown schematically in Figure 2.5a. As depicted, the coupling between
the actuation units is either direct – by acting on the same joint – or indirect through other
actuation units. Although being coupled, the distributed actuation units must act as inde-
pendent force/impedance sources and be able to act transparently to produce the desired
joint behavior. Another crucial property of the actuation system is its impact tolerance. In
most platforms, it is the component that is most prone to be damaged due to the shock
forces. The drive system is also the main determinant for the leg’s weight distribution and
efficiency.

The core functionality of the embedded system is the interfacing the physical actuator. It
has to support the generation of the properties that are required by the high-level system
– namely the transparency and torque/impedance control. Therefore, closed-loop control
mechanisms are complementing the open-loop properties of the physical actuator. The
stability of the force and impedance control are directly related to the latency of the respec-
tive closed-loop control. Whitney shows that a high control loop frequency increases the
stability of a force/torque control loop [Whitney 77]. Similarly, distributing the impedance
and torque control to the embedded joint controllers increases the achievable bandwidth
of the joint impedance [Paine 15a, Zhao 15b]. The latency can be a consequence of many
concurrent computational tasks at the central computation unit or the communication
between the central computation unit and the nodes of the embedded system. Thus,
the distributed torque and impedance rendering at the embedded level is required. Besides
the control tasks, they have to interface the sensory system that is embedded in the leg.
Furthermore, it implements the interface between the actuator/sensory system and the
high-level control. Thus, it has to handle all communication with the upper control layers.
Abstracting the mechatronic system from the higher-level control reduces the data that
has to transmitted and thus the load on the communication infrastructure. Further on,
physically, the embedded system has to feature a low weight, small dimensions, and a high
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Figure 3.9: Graphical illustration of the mapping of the B4LC requirements onto the design of the
different subsystems. Vice versa, the mapping expresses how the subsystem properties affect the
properties of the overall system.

Four requirements mainly drive the foot system – its appropriate structural properties,
the weight distribution and kinematic layout, the impact tolerance, and the required sensory
feedback. Being the most distal segment in the serial kinematic chain, a low foot weight
is crucial. Keeping its weight low, a favorable inertia distribution and small energetic
losses during impacts can be achieved. This target contradicts the realization of the
other requirements. The appropriate structural properties of the foot are crucial for the
emergence of a human-like gait. The complex mechanisms of the human foot have to be
mimicked without adding significant weight. By introducing additional DoFs in the foot,
it also impacts the kinematic layout of the leg. Furthermore, its size should be oriented
towards the dimensions observed in humans. The need for accurate and comprehensive
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sensory state information contradicts the requirement for low weight. The information has
to be extracted with minimal impact on the foot’s weight.

While the foot can be considered an isolated subsystem, the design of the leg structure is
influenced by the design decisions made in the other two subsystems. It has to be woven
around the developed solutions for the actuation units and the foot. The actuation and the
foot have to be integrated in a manner that meets the requirements on the kinematic layout,
the range of motion, the weight distribution, and the integration of biarticular actuation. The
two requirements that are independent of the other subsystems are the sensory feedback
and the impact tolerance. To meet the first, the joint angles and velocities at the knee, hip,
and ankle have to be captured. To meet the latter, the system has to be structurally robust
against shock forces.

Unfortunately, the design process of a tightly integrated mechatronic system, such as a
robotic leg, is neither one-dimensional nor linear. Besides the explicit high-level require-
ments, a subsystem design is driven by a set of domain-specific requirements and design
dependencies. The design dependencies describe direct bidirectional relations between
two subsystems. Therefore, they should not be understood as a one-way coupling of two
subsystems. Those dependencies have to be resolved in a way that leads to technologi-
cally viable solutions for both subsystems and an overall system behavior that meets the
high-level requirements. For instance, the design of the actuator is the main determinant
for the design of the interfacing embedded system. Hence, for each design decision, the
feasibility of the design dependencies in the other domain has to be ensured. If not,
the solution is not viable and has to be readjusted. The domain-specific requirements
are neither defined by the high-level control approach nor by other subsystems. Instead,
they either are a domain-specific demand that results from one of the other requirements
(high-level or design dependencies) or they are technological necessities of the respective
technological ecosystem. This results in a multi-dimensional iterative design process as
shown in Figure 3.10.

Nevertheless, the following is meant to illustrate the decisions and underlying considera-
tions made during the design of CARL. It is specifically designed for the energy efficient
rendering of a dynamically unbalanced gait. Besides being robust regarding shock forces, it
provides high-fidelity force and impedance rendering at the actuator level. This guarantees
that the desired joint torques and impedances can be produced, although the five redundant
actuators are all coupled – either directly or indirectly.
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Figure 3.10: Illustration of the design and requirement dependencies within a planar robotic leg.
The influence of high-level requirements (HLR), domain-specific requirements (DSR), and design
dependencies (DD) on the different subsystems is shown.
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4. Transparent Actuation Unit

In the previous chapter, the requirements for all three subsystems of a robotic leg have been
elaborated. As the mapping of the requirements (Figure 3.9) illustrates, the actuation unit
is the central subsystem of a robotic leg. The interplay between the physical actuator and
the encapsulating embedded system influences most of CARL’s relevant properties. Thus,
in this chapter, the design of those two subsystems are described. For both systems, the
high-level requirements, the domain-specific requirements, and the design dependencies
are introduced. Based on the elaborated requirement set, the deduced design decisions
and the resulting systems are described.

4.1 Physical Actuator
This section illustrates the physical actuator developed for CARL. The actuator is the
core component of a robotic biped and therefore one of the most crucial design deci-
sions [Chevallereau 09, p.181]. If the actuator does not meet the demands of the envisaged
locomotion, other subsystems cannot compensate this deficit – especially not the encapsu-
lating embedded system. Therefore, it is the primary determinant of the overall systems
performance. Besides the drivetrain, most actuators integrate a sophisticated sensory
system. Thus, in the following, the integrated sensors are considered as a part of the
physical actuator. For a clear understanding of the design decisions, first, the underlying
requirements are illustrated. Then, against this background, an appropriate actuation
scheme is chosen, and its implementation is presented.

4.1.1 Requirements

The set of the three requirement categories is summarized in the following section.

4.1.1.1 High-level

All of the high-level requirements – with exception of the foot structure – influence
the design of the actuation system. The requirement map is again given in Figure 4.1.
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Figure 4.1: Requirements map for the actuator.

The kinematic layout, the range of motion, the weight distribution, the efficiency, the
required joint power, and the appropriate sensory feedback are common considerations
when designing a robotic leg – independent of the envisaged gait.

Besides the typical considerations, an actuation system suitable for B4LC has to meet some
more specific requirements. For a dynamically unbalanced gait, the impact tolerance is
a fundamental requirement of the actuator design. If the chosen actuation scheme does
not tolerate impacts, it is not capable of rendering the locomotion. This topic has been
broached superficially in the preceding chapter. As elaborated below, this limits the scope
of suitable actuation technologies.

Further on, the actuation has to enable the rendering of the joint torque and impedance –
an absolute necessity for dynamic interaction with the environment. It has to be capable
of rendering joint torques with a bandwidth of approximately 10 Hz. Furthermore, the
actuation system has to act transparently during some phases of the gait cycle to exploit
the natural dynamics of the robotic leg. Together with human-like weight distribution, the
transparency is a key-enabler for a natural-looking and energy-efficient gait.

The requirement for overall gait efficiency entails another design goal – the inclusion of
biarticular elements. It affects the design of the physical actuator, as it must be suitable for
the integration into a highly coupled leg structure – physically and technically. Nevertheless,
in such an interwoven system, the actuator has to act as an independent unit. Together
with the encapsulating embedded system, it must be capable of rendering the desired
torque/impedance independent of the other coupled actuators.

4.1.1.2 Design Dependencies

The actuator, being the core component of a bipedal robot, has many design dependencies
to the other subsystems. Most of the dependencies are between its encapsulating embedded
system and the leg structure. Even the design of the foot structure, although being the
most independent subsystem, is influenced by the design of the physical drive.
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Embedded System

To exhibit the desired behavior, the physical actuator has to be encapsulated by an embed-
ded system. It has to implement the closed-loop control and the interfaces to the actuator
and its sensors. Thus, the design of the physical actuator directly manifests the design
dependencies to the embedded system.

It is the combination of the open-loop plant and the closed-loop control that determines
the actuator performance. As a torque control with a bandwidth around 10 Hz is defined
as a high-level requirement, the sampling frequency of the digital closed-loop control is
a principal determinant of the actuator performance. Especially when interacting with
the environment, Townsend names computational and transmission delays as the primary
source of instability [Townsend 88, p.19]. In this scenario, a simple relation holds for the
closed-loop torque control: the stiffer the environment, the higher the required sampling
rate of the digital control [Whitney 77]. The inherent compliance of the actuator’s drivetrain
determines the upper bound of the environmental stiffness. Thus, there is always a propor-
tional force controller that is unconditionally stable – independent of the stiffness of the
contacting environment [Calanca 15]. Therefore, a certain degree of inherent compliance
is beneficial for the controlled interaction with the environment.

A complex open-loop plant requires a more sophisticated control approach and thus results
in a higher computational load. As this might conflict with a high sampling frequency,
a drive system that is characterized by simple open-loop dynamics is desirable. Every
other computational task that the embedded system has to perform also conflicts with
this demand. For instance, the embedded system has to provide the electrical and logical
interface to the drive and the integrated sensors. Depending on the type of drive and
sensors, this might also lead to a significant computational overhead; especially as most of
the today’s sensors implement serial protocols.

This leads to a dilemma as the computational power in embedded systems is usually a
constrained resource. Hence, during the design of the actuator, the implications on the
computational burden of the embedded system have to be considered. It has to be ensured
that the achievable control frequency satisfies the required control bandwidth.

Foot

The foot, being the most distal element in the kinematic chain, implements the most
distal compliance. The more tolerant the drivetrain is, the less distal compliance has to be
implemented by the foot. Again, this poses a compromise between the two subsystems.
Excessive foot compliance is unacceptable, as a pronounced passive DoF has to be avoided
for the sake of the overall system’s controllability.

Leg Structure

The primary dependency between the leg structure and the actuator is the integration.
The integration is mainly driven by the required kinematic layout, the range of motion,
the weight distribution, and the biarticular elements. Therefore, the actuator design has
to consider the resulting implications on the leg structure. For instance, linear actuators
require a different leg structure than rotary actuators. Rotary actuators offer the possibility
to be placed in-line with the joint axis; although, for favorable weight distribution, they



66 4. Transparent Actuation Unit

are often located more proximally. In this case, an additional transmission mechanism has
to be integrated, such as belts, cables, or bar systems. Linear actuation is coupled with
the joint either by a simple crank arm or a more complex lever mechanism, e.g., a four-bar
mechanism. The lever mechanisms introduce a non-linear gearing between the actuator
force/movement and the joint torque/rotation.

The integration of biarticular elements is the most prominent challenge. The biarticular
elements have to produce torques at two joints in parallel to the respective monoarticular
actuators. There must not be either functional or spatial interference between the actuation
units or the leg structure itself. As presented in Section 3.2, in the existing bio-mimetic plat-
forms this is solved through unidirectional cable-based actuation schemes, e.g., BioBiped3
and Achilles. The C-Leg implements a bidirectional belt-like cable-system.

Similar to the dependency between the actuator and the foot, the impact forces imply
an additional dependency between the actuator and the leg structure. For instance, the
robust hydraulic actuation that exhibits a high output impedance significantly increases
the stress of the leg structure due to the shock forces. Therefore, the output impedance
of the actuator and the required mechanical robustness of the leg structure are directly
dependent.

4.1.1.3 Domain-specific

A first indication for the design of the actuation system results from the high-level require-
ment for anthropomorphic weight distribution. The design of the actuation for bipedal
walking should envisage high force and power densities [Robinson 00, pp.18].

Looking at the existing bipeds, they deploy two common actuation arrangements – bidi-
rectional and unidirectional actuation. While bidirectional approaches can produce joint
torques in both directions, unidirectional actuation can only generate torques in one di-
rection - similar to the human muscle. Thus, to produce a similar net torque around a
joint, the weight of a unidirectional actuation system is doubled, and thereby the torque
density halved. An antagonistic arrangement requires two motors with the same torque
potential. Thus, a bidirectional actuation is to be favored over an antagonistic unidirectional
actuation.

Potential drawbacks of bidirectional actuation are backlash and buckling. In a unidirectional
actuator, all structural elements only bear tension stress. In a bidirectional actuator, in
contrast, the structural elements must be designed to bear compression stress of the
same magnitude to avoid buckling. This might reduce the weight benefit of bidirectional
actuation.

Further on, bidirectional actuation entails limitations for the imitation of some mechanisms
observed in humans. For instance, the embedded closed-loop control has to emulate the co-
contraction of antagonistic muscles. Mechanically, it does not allow for the implementation
of the different lever arms of antagonistically arranged muscles found in humans. In case of
monoarticular actuation, this can also be rendered by the embedded control. However, for
the biarticular actuators, this is not possible as the generated torque is acting on two joints.
Thus, some mechanisms, e.g., the Lombard’s Paradox [Gregor 85], that rely on different
lever arms cannot be mimicked. Nevertheless, unidirectional actuation allows for the
exploitation of most of the concepts proposed in the context of biarticular muscles.



4.1. Physical Actuator 67

In the actuator domain, the demands for impact tolerance and torque control imply the
requirement for a low output impedance – sometimes also referred to as backdrivability. A
very robust drivetrain with a high output impedance is not a viable solution as this would
increase the mechanical load on the other structural components, e.g., the leg structure.
Often, lowering the output impedance is reduced to the introduction of physical compliance.
However, as shown later, the output impedance of an actuator is also determined by the
internal dynamics of the actuator. They are composed of the inertia, the friction, and the
compliance of the drivetrain. In the ideal case, the internal dynamics of an actuator are zero.
Robinson highlights the benefit of backdrivability for good controllability of the torque –
an ideal actuator for force/torque control has an impedance of zero [Robinson 00, p.19].
Besides an improved force/torque control performance, a high backdrivability matches
the requirement for transparency [Kaminaga 07]. The closer the natural system behavior
reflects the desired properties, the less the closed-loop control has to shape the sys-
tem’s response actively. Furthermore, Dallali et al. state that the combination of a low
output impedance – in this case stiffness – and active control are capable of absorbing
impacts [Dallali 14].

To further elevate the controllability of the actuator, the actuator’s drivetrain should ex-
hibit minimal internal friction. According to Townsend, in particular, dry friction is criti-
cal [Townsend 88]. It poses a hard nonlinearity that is a common reason for poor control
performance. Another limiting factor that should be avoided by proper design is mechanical
backlash. It may lead to high-frequency limit cycles in a closed-loop control scenario.

The efficiency of the physical actuator and its drivetrain is fundamental for the efficiency
of the overall system. Therefore, to create a platform for efficient bipedal locomotion,
the actuation itself should feature a high efficiency. This entails another domain-specific
design goal – the possibility for energy recuperation. It allows for the exploitation of the
negative work performed during a gait cycle.

Especially for a first prototype, the actuator concept should support a modular integration,
be scalable, and easily maintainable. Modularity allows for the reuse of the actuation units
at different DoFs of the leg. Combined with a certain degree of scalability, the actuation
can be adapted to the torque and weight constraints of the respective DoF. Together, the
two properties avoid an excessive overhead of design and manufacturing time and keep
technical complexity in bounds. The maintenance is also eased, as a reduced set of spare
parts can be kept in stock.

Another favorable property at the prototype stage is good adaptability. As the desirable
actuator properties are hard to estimate beforehand, the design should be able to allow
for a comfortable adaptation of some core properties, e.g., the gear ratio.

To summarize, a list of the extracted requirements is given in Table 4.1.
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Requirements on the Physical Actuator Type

Impact tolerance HL
Torque/Impedance rendering HL
Transparency HL
Torque bandwidth around 10 Hz HL
Support biarticular elements HL
Consider implications on control frequency DD-ES
Simple open-loop plant dynamics DD-ES
Reduce the need for distal foot compliance DD-F
Allow for modular integration DD-L
Reduce impact forces acting on the leg structure DD-L
High force/power density DS
Bidirectional actuation DS
Enable energy recuperation DS
High backdrivability/Low output impedance DS
Low drivetrain friction DS
Low backlash DS
Scalable and maintainable design DS
Adaptability regarding its core-properties DS
HL – High-Level, DD – Design Dependency, DS – Domain Specific
ES – Embedded System , L – Leg, F – Foot

Table 4.1: Summary of the requirements on the design of the physical actuator

4.1.2 Actuation Scheme
The emphasis on environment interaction in many emerging robotic applications has ig-
nited new developments in the area of actuator design. In this regard, bipedal walking is
particularly challenging. The cyclic occurrence of impacts and dynamic interaction with
unstructured environments are inherent to the task. Conventional actuation technologies
that originate from industrial robotics are mostly unsuitable due to the lack of impact toler-
ance. Hence, the investigation of alternative actuation approaches is necessary. Therefore,
the following introduces available actuation schemes and evaluates their aptness for a
human-like gait.

4.1.2.1 Actuation Technologies

With current technology, three actuation technologies provide the power and torque/-
force densities needed for bipedal walking– pneumatic, hydraulic, and electromagnetic
[Chevallereau 09, pp.181]. For all technologies rotational as well as linear actuators are
available.

While electromechanical systems convert electric energy to mechanical power in a dis-
tributed manner, fluid servosystems (pneumatics and hydraulics) act as a mechanical
distribution/transmission system. Usually, the mechanical power is generated centrally and
distributed through pressurized gas or liquid respectively. Therefore, both technologies
involve a considerable overhead besides the actual actuator located near the joint.
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Nowadays, the underlying source of energy in a mobile robot is either provided by batteries
or a combustion engine running on fossil fuels. In case of fluid based systems, the engine
can directly produce the mechanical energy or generate electrical energy that is afterward
converted by an electrically driven pump/compressor. The following considerations focus
on the part of the system after the electric energy is available.

Hydraulics

Hydraulic actuation features the highest torque/force and power density of the three
schemes [Hollerbach 91]. Usually, a hydraulic system is composed of a pump, some pressure
regulators, oil filters, heat radiators, and accumulators. It is not clear if the numbers on
the torque/force densities provided in the literature include the overhead of the additional
components. As stated by Pestana et al. they can reduce the force and power density
even below the density of other actuation technologies [Pestana 10]. Depending on the
system design, the EM servo valves are either located centrally on a common manifold or
distributed with the actuators. The actuators can either be rotary motors or linear pistons.
The typical operating pressure of a hydraulic system is around 20 MPa.
As the servo valves isolate the actuator from the primary hydraulic circuit and due to the
high inertia of the fluid, hydraulic actuators are usually not backdrivable. Consequently,
the actuation exhibits a very high output impedance. Nevertheless, hydraulics are very
robust to external forces. Their deployment in heavy-duty applications, e.g., construction
machines and airplanes, further underlines the robustness. Therefore, the desired low
output impedance and transparency have to be fully rendered by the closed-loop control. If
compliance beyond the closed-loop bandwidth is required, it has to be added physically, e.g.,
by adding a series elasticity. In the context of B4LC, the natural dynamics of the hydraulic
actuation do neither support a low output impedance, nor the desired transparency.

Regarding the controllability, complex nonlinear dynamics are inherent to hydraulic ac-
tuation. Especially the multi-stage EM servo valves exhibit high-order, nonlinear behav-
ior [Hollerbach 91]. Furthermore, Robinson lists phenomena like null bias, null shift,
hysteresis, and internal leakages as further nonlinear effects [Robinson 00, p.35]. Most of
the effects are becoming more pronounced with increasing operating pressure. The nonlin-
earities are the reason why the output force/torque of an actuator cannot be controlled
precisely via the pressure in the chamber. Primarily, the friction and stiction resulting from
the piston and the seal degrade the relationship between the two variables.

The efficiency of hydraulic systems is below 60 % [Semini 10]. The main reasons for the
low efficiency are the leaks in the actuators and the valves. Bhatti et al. estimate that
BigDog’s quiescent power drain is around 2.8 kW solely due to the internal leakage of the
servo valve (tare flow and spool null leakage) [Bhatti 11], Hutter estimates it to be around
2.0 kW [Hutter 13, p.6]. Additionally, as the valves isolate the actuators from the pump, no
energy can be recuperated or redistributed.

A hydraulic actuator must be connected by flow and return pipes to contain the hydraulic
fluid in a closed circuit. On the one hand, the pipes must be adequately stiff to withstand
the high pressures. If not, the compliance of the pipes reduces the bandwidth of the
actuator. On the other hand, the stiff piping is a challenge for the design of the overall leg.
If the pipes are crossing a joint, special care must be taken not to introduce excessive joint
damping. Further on, the piping adds to the overall weight of the leg.
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Figure 4.2: PAM force-contraction characteristics at various operating pressures (p).
From [Daerden 02]

Other drawbacks of the hydraulic actuation are of a less technological type. The hydraulic
fluid complicates the installation, modification, and maintenance of a prototype. Besides
the intended opening of the hydraulic system, the high operating pressures increase the
potential for external leakages. A leakage might lead to contamination of the robotic
system and its environment. In the worst case, a leak can result in a high-pressure jet that
can penetrate human tissue.

Pneumatics

Similar to hydraulics, a pneumatic system includes a big overhead besides the basic actuator.
The most commonly used fluid is compressed air. Therefore, a typical system consists of
a compressor, a pressure control, coolers, filters, dryers, and mufflers. When operating
with compressed air, a pneumatic system is usually open. To decrease the pressure within
an actuator, the pressurized air is usually released to the environment. The maximum
operating pressures of a pneumatic system is around 650 kPa. In contrast to hydraulic
actuation, pneumatic actuation is inherently compliant due to the compressibility of the
gas. In principle, this qualifies it for interaction tasks.

Besides the conventional pneumatic pistons, most robotic applications deploy pneumatic
artificial muscles (PAMs), often referred to as McKibben muscles. They consist of a rubber
tube surrounded by a braided fiber mesh. PAMs are lighter than conventional pneumatic
cylinders and, assuming the same cross-sectional area and operating pressure, produce
higher forces. They are usually operated around 400 kPa.
Still, PAMsmuscles comewith some drawbacks. Firstly, they are unidirectional and therefore
can only produce contraction forces. Thus, to actuate a robotic joint, a pair of antago-
nistically arranged muscles is needed. The internal friction and the deformation of the
rubber membrane lead to the nonlinear force-contraction-pressure characteristic shown in
Figure 4.2. To mitigate the nonlinear phenomenas, derivatives of the design have been
presented, e.g. the pleated pneumatic artificial muscles (PPAMs). Daerden et al. provide a
good overview of the existing PAM designs and their properties [Daerden 02].

To achieve an accurate force control, the development of an appropriate PAM model is
subject to ongoing research. Tsagarakis and Caldwell report an open-loop bandwidth of
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5 Hz [Tsagarakis 00], while Versluys et al. demonstrated a bandwidth up to 9 Hz depending
on the contraction level of the muscle [Versluys 09]. For the closed-loop control of a PAM,
simple PID controllers are prone to instability [Caldwell 93]. Caldwell et al. found that a 7th
order controller is needed to achieve reasonable behavior from 10 Hz to 20 Hz [Caldwell 95].
For a small pneumatic piston and a two-stage servo valve, a force control bandwidth
between 21 Hz to 31 Hz (depending on the piston position and thus the relevant volume)
has been realized [Jacobsen 84].

Versluys et al. identified the maximum mass flow of the servo valve, the length of pneu-
matic tubes, and the capacity of the source of compressed air to influence the muscle’s
bandwidth [Versluys 09]. Out of the three, the mass flow is the most dominant parameter.
In general, the following holds: the bigger the actuator’s volume, the more mass flow is
required to establish the desired pressure and consequently force [Davis 02]. This relation-
ship leads to a dilemma with pneumatic actuation as larger valves are required to provide
a bigger airflow. Naturally, this negatively impacts the force and power to weight ratio.

For a big and powerful robotic system that is fully actuated by pneumatics, the capacity
of the air source becomes the primary bottleneck that limits the autonomy of the sys-
tem [Tondu 05]. Even more, as the efficiency of pneumatic actuation systems is rather low
– around 30 % [Semini 10]. Moreover, energy recuperation is not possible with a pneumatic
system.

Usually, some lubricants are added to the compressed air. Therefore, the released air can
cause contamination of the robotic system. The switching of the valves and the release of
the pressurized air are the primary noise sources in pneumatic systems. The bursting of a
pressurized component poses an additional risk of injury. Flying debris might hit people
while the noise caused by the rupture can damage the hearing.

Electromagnetic

From the introduced bipedal platforms in Chapter 3, it becomes obvious that the majority
of bipeds evolves around EM actuation. EM actuators exist in a wide variety – synchronous,
induction, and direct current (DC) motors. Their underlying principle is the interaction of
two magnetic fields. Of the two magnetic fields, one is the result of an electric current
flowing through a coil. Permanent magnets or induced currents can produce the opposing
magnetic field. In most cases, a rotatory EM motor is combined with a transmission.

In robotic applications, brushed DC or more lately the BLDC motors are the dominant types.
In DC motors, the stator houses the permanent magnets while the currents flowing through
the rotor coils are commutated via brushes. The arrangement in BLDC motors is vice versa –
the magnets are moving with the rotor while the electric coils are integrated into the stator.
The electric commutation is realized by the active control of the currents that flow through
the stator coils. Compared to conventional brushed DC motors, BLDC motors feature a
higher torque and power to weight ratio, lower rotor inertia, higher efficiency, and less
electromagnetic interference (EMI) [Yedamale 03]. Chevallereau compares different EM
motor technologies concerning various performance properties, e.g., specific torque, power-
to-weight ratio, and rotor inertia in relation to torque [Chevallereau 09]. The comparison
underlines that BLDC feature the best properties for mobile robotics and are therefore the
preferred EM solution.
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Figure 4.3: Idealized torque-speed curve that characterizes an EM motor. From [Wolf 16].

As DC and BLDC motors are based on the same principle, the EM coupling is described by:

τ =KT i (4.1)
U =KT ω + Ri, (4.2)

where τ represents the motor torque, KT the torque constant, i the applied current, V the
supplied voltage, ω the rotational velocity of the rotor, and R the resistance of the coil
windings. The two equations illustrate the two fundamental relationships found in EM
motors. The generated torque is linear to the applied current and the required voltage
to establish a current is determined by the movement of the rotor. Thus, the available
supply voltage limits the maximum rotor velocity. Notably, the linear relations introduced
by Equations (4.1) and (4.2) pose a simplification that only holds for a certain operation
range. The current-torque relationship is more complex [Asada 87, p.212].

In case of BLDC motors, KT describes the magnetic coupling between the electromagnets
(stator) and the permanent magnets (rotor). Thermal restrictions mainly limit the continuous
torque (τcont) as the current provokes ohmic losses in the coil windings. Therefore, a motor
constant kM indicates the relation between the produced torque and the dissipated power
in the windings [Hollerbach 91]. The constant that quantifies the thermal resistance to the
environment and thereby the capability of the motor to dissipate heat is Rtherm. Hence,
Rtherm and the respective τcont are good measures for the motor performance. The resulting
motor characteristics are illustrated qualitatively in Figure 4.3.

The fundamental relations imply that the power and torque/force density of EM motors are
strongly related to the heat dissipation. Thus, the torque/power density increases signifi-
cantly through the application of active cooling mechanisms – and thereby reducingRtherm.
For retrofitted water cooling, a reduction by a factor of up to 2.5 is achievable [Paine 15b].

In most applications, an electric motor is combined with a transmission. This combina-
tion allows for the adaptation of the motor characteristics – torque and speed – to the
application requirements by

τout =Nτmotor, (4.3)

ωout = 1
N

ωmotor, (4.4)
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where N is the gear ratio of the transmission. For high gear ratios, the high output
impedance introduced by the transmission decreases the backdrivability of the drivetrain.
The high output impedance is primarily a result of the high friction inherent to most
transmissions and the high reflected inertia of the rotor. Notably, the latter scales with the
square of the gear ratio (N2). The high output impedance leads to an increased exposure
of the gearbox to impact forces. Therefore, the impact tolerance of geared drive systems is
limited.
An opposing approach is to deploy direct drives and thereby avoid the unwanted gear
properties [Asada 87]. In the absence of gears and their nonlinear properties, the motor
torque can be controlled open-loop through the applied current. Ungeared EM motors are
advantageous when interacting with the environment. The main drawback of direct drives
are the heavy motors needed to produce the required torques.
By using transmissions with low friction and minimal backlash, it is possible to achieve
a reasonable force/torque density and maintain a high level of backdrivability. This ap-
proach mostly leads to solutions with a single stage transmission and a low gear ra-
tio [Mazumdar 15, Seok 12]. Consequently, the needed motor size is a compromise between
the conventional EM robotic actuators and the direct drives. As the transmission friction is
relatively low, a reasonable open-loop torque control via the motor current is possible.
Because of the low friction compared to hydraulics and pneumatics – even in the presence
of gears – EM actuators allow for an accurate velocity and position control [Caldwell 95].
Therefore, high precision applications often rely on electric motors. If the transmission
system is designed carefully, it is mostly sufficient to use linear control approaches. In case
of BLDC motors, the commutation of the magnetic field causes additional control overhead.
Electric drives are the most efficient of the three actuation technologies. They can operate
at an efficiency of over 90 % [Mavroidis 00]. Additionally, they allow for the recuperation
of electric energy when performing negative work. The regained energy might be directly
redistributed to other drives performing positive work or be stored temporarily.
In contrast to hydraulics and pneumatics, EM drives to not entail the risk of contaminating
the environment with fluids. Instead, the switching of high currents potentially causes EMI.
The EMI might interfere with the reliability of other electrical components. Therefore, the
components have to be designed having EMI in mind – especially analog subsystems.
From a non-technical perspective, electric drives are the safest, the least noisy, and the
easiest to maintain. In the absence of fluids, maintenance or modifications become easier.
If the voltage levels are kept low, no danger originates from the power source. Compared
to the fluid servosystems, the noise generated by the EM actuation is moderate. Therefore,
from a non-technical perspective, they are the most convenient solution for a prototype in
a research context.

Evaluation

From the outline of the three available actuation technologies, their aptness for the
realization of the physical actuator for CARL can be derived. The evaluation considers
five criteria – power/torque density, low output impedance, controllability, efficiency, and
handling. The result of the evaluation is depicted in Figure 4.4.
The main advantage of hydraulic actuation is its high power/torque density – the highest
of the three actuation technologies The hydraulic actuators deployed near the joint are
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Figure 4.4: Heat maps illustrating the aptness of the three conventional actuation technologies for
the implementation of the actuator – (a) hydraulic, (b) pneumatic, (c) electromagnetic actuation.
The light shaded area in (c) increased power/torque density of EM actuation achievable by forced
cooling.

comparably lightweight while at the same time being capable of generating high powers/-
torques/forces. The main downsides of hydraulic actuation are its high output impedance
and low efficiency. The first implies that the natural dynamics of the actuator are opposing
the desired high-level behavior. Thus, the natural dynamics negatively affect the impact
tolerance as well as the controllability of the system. A closed-loop regime has to impose
the desired behavior on the system. Furthermore, the low efficiency hinders the rendering
of an efficient gait – a core objective of B4LC. No matter how efficient the high-level
walking control is, the inefficient underlying actuation hinders an overall efficiency.

In contrast to hydraulics, due to the compressibility of the gas, pneumatics feature a very
low output impedance. Also, the achievable power/torque density is good. Unfortunately,
pneumatics suffer from inherent inefficiency and low controllability. Especially the efficiency
of 30 % is a significant drawback. Overall, the two properties render them unsuitable for
the deployment in the envisaged context.

EM motors – if only passively cooled – suffer from the lowest power/torque density. The
density can be increased by forced cooling, in the ideal case by water. This is indicated by
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the lightly colored area in Figure 4.4c. Even without a cooling system, if the continuous
power available in the first prototype proofs to be insufficient, the EM motors can be
temporarily overloaded. Although this results in a heating of the drives, the temporary
rendering of the B4LC gait should be possible. The backdrivability/output impedance of
EM motors depends on the drivetrain design. If combined with a high-ratio gearbox, the
output impedance is very high. A reduced output impedance is achievable through an
adequate design of the drivetrain. The controllability of EM motors is better than for the
other technologies, especially if the actuator’s natural dynamics are designed to meet the
desired application properties. Moreover, the efficiency of EM drives is by far the highest.
If designed carefully, efficiencies of over 90 % are possible. A softer factor is the handling
of technology, although in the research context this can be decisive. In that regard, EM
actuation is the most appropriate as it does not include any additional medium.

Overall, the evaluation highlights EM-based actuation as the most appropriate technology
for the rendering of an efficient human-like gait. It is the closest to meet the domain-specific
requirements that result from the high-level requirements. Still, as already mentioned, EM
drives are not per se suitable. The design of the drivetrain has to be explicitly oriented
towards the desired properties.

4.1.2.2 Impact-tolerant EM Actuation

Based on the decision for EM actuation, the following illustrates the spectrum of design
options available in the EM domain. The layout of the EM drivetrain drastically changes its
characteristics. The two extremes mentioned above are the motors combined with high-
ratio gears – often referred to as stiff actuators – and the direct drives. However, besides
the two extremes, the demand for environment interaction has lead to alternative design
approaches. The following is meant to give an overview of the approaches presented in the
literature. Stiff actuation is included in the following, although it is not impact-tolerant.

Stiff Actuation

No or very low backdrivability due to the gears is a main characteristic of stiff actuators.
While gearboxes can increase the torque density of the actuator, the power density is
unaltered or even reduced due to the additional weight of the gearbox. A high gear ratio
significantly diminishes its backdrivability – mostly due to the transmission’s internal
friction and the rotor’s reflected inertia. Consequently, the actuator behaves more like a
position source than a torque source. This is not suitable for the dynamic interaction with
the environment.

Direct Drives

Direct drives are EM motors without any gearing. The actuators are directly located at the
respective joints. The associated low output impedance – only bearing friction and rotor
inertia – is ideal for the interaction with the environment. However, especially in serially
arranged kinematic structures, the high motor weights lead to heavy and power inefficient
robots [Townsend 89]. Therefore, in many so-called semi-direct drive manipulators, the
torque is transmitted to the joint via bar mechanisms. By locating the motors near the
base of the manipulator, more favorable weight properties can be established. While
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Figure 4.5: Illustration of the SEA concept. An elasticity (E) is introduced in series with the motor
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this is feasible for fixed-base manipulators with simple kinematic structures, it does not
pose a viable solution for a fully actuated robotic leg. Besides a very complex mechanical
design, the heavy motors would result in an unacceptably high trunk mass. An exemplary
implementation is the MIT Semi-Direct-Drive Arm. The two BLDC motors used in the arm
weigh 129.8 kg (including the base) and 36.5 kg [Asada 83].

Proprioceptive Actuation

The design of the MIT Cheetah takes the middle path between stiff actuation and direct
drives – an electrically driven quadruped designed for high-speed locomotion. The concept,
being termed proprioceptive actuation, pursues a high torque density, a high bandwidth
force control, a high efficiency, and high impact mitigation capabilities [Wensing 17]. The
derived design results in a combination of EM motors with big gap radii and low-ratio,
single stage planetary gears (PGs). The latest version of the Cheetah even features custom
motors [Farve 12].

As mentioned above, in case of neglectable transmission friction, the actuator torque can
be controlled by the applied winding current. The proprioceptive force control used for the
Cheetah leg exploits this relation. No additional torque or force sensor provides feedback
for the torque control of the single actuators. Still, Wensing et al. showed that the leg forces,
estimated through the proprioceptive information, are similar to the forces measured by an
external force sensor. Therefore, proprioceptive actuators are apt for a force/torque control
within a large bandwidth but limited accuracy. To which degree the force control is suitable
for an enclosing impedance control of the actuator’s output has not been demonstrated.
Based on the performance of the force control, impedance control should be possible –
presumably with limited performance and accuracy.

Series Elastic Actuation

Already three decades ago, Howard investigated the benefit of compliant actuation in
a robotic manipulator [Howard 90]. Some years later, Pratt and Williamson established
the concept under the name of series elastic actuation [Pratt 95a]. The idea is to explicitly
introduce a pronounced series elasticity to the drivetrain of robotic actuators. The concept
is illustrated in Figure 4.5. The actuators are known as series elastic actuators (SEAs). Over
the years, linear as well as rotary SEA implementations emerged.

In traditional actuator design, the drivetrain elasticity has been kept as low as possible.
Especially when weight is a design constraint, the load rating of the gearboxes often
becomes the limiting torque factor in the drivetrain. Failures due to shock forces are not
uncommon. This dilemma can be mitigated by the series elasticity that decouples the high
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(reflected) rotor inertia from the link inertia. It acts as a low-pass filter in case of impact
forces. At the same time, it allows preserving the torque density of a compact geared motor.
As stated by Pratt and Williamson, due to the elasticity, the force control problem becomes
a position control problem. By measuring and controlling the deformation of the elasticity,
the closed-loop control of the output force/torque is possible. In this scenario, the elasticity
acts as a low-gain force/torque sensor.
As shown by Robinson, the elasticity lowers the loop gain of the closed-loop system
[Robinson 00]. Thus, to maintain the overall gain of the actuator, the controller gains can
be increased proportionally and thereby reduce the effects of nonlinear actuator dynamics
– mostly originating from the transmission [Zinn 04]. Unfortunately, the low-pass filter
behavior of the elasticity also holds for the actuator output. The achievable bandwidth
of the torque/force control is reduced compared to the rigid counterpart. Therefore, the
degree of elasticity poses a design trade-off and has to be considered carefully.
Nevertheless, within a certain bandwidth, a SEA allows for an accurate and robust torque/-
force control, even in case of interaction with the environment. As shown by Mehling et al.
a good torque/force control provides the basis for the impedance control [Mehling 15]. The
torques/forces calculated from a virtual spring-damper system are the references for the
inner torque/force control loop. Thus, the bandwidth of the impedance control is limited to
the bandwidth of the underlying torque/force control. Outside of the bandwidth, the SEA
exhibits its intrinsic impedance.
A further benefit of the series elasticity is the amplification of the actuator’s work and
power output. Paluska and Herr found in a simulation that the energy delivered to a
moving mass can be increased by a factor of 4 and the peak power is increased by factor
1.4 [Paluska 06]. Grimmer et al [Grimmer 14] further support the results. They compared
the effect of SEAs on the peak motor power and energy requirements during a stride of
human walking and running. The underlying stride motion was captured from human
subjects walking and running on a treadmill. They found that especially the knee and the
ankle joint actuation can benefit from a series elasticity. At the hip, the effect of a SEA was
not as pronounced. Similarly, Curran et al. showed in experiments with a single jumping
leg that series elasticity increases the lift-off velocity and jumping height [Curran 09]
Besides the amplification of motor output, the spring also entails energetic benefits as
it allows for the storage of energy. Biomechanical observations found that the energy
which is stored in the spring can significantly improve the efficiency in legged locomo-
tion [Alexander 90]. In human running, for instance, 35 % of the total energy turnover is
stored as strain energy in the Achilles tendon [Ker 87].
Additionally, the series elasticity minimizes the impact losses [Wolf 16]. This is especially
advantageous for legged locomotion and its periodic impacts between the foot and the
ground. At each heel strike, the elasticity can absorb and store the impact energy. According
to Hurst and Rizzi, with a stiff HD drivetrain almost all of the kinetic flight energy might be
lost in case of an inelastic collision [Hurst 08]. Furthermore, the series elasticity potentially
increases the power density of the actuator. Notably, this effect requires no active control.

Variable Stiffness Actuation

An extension to the SEA concept is the notion of altering the natural stiffness of an actuator
during operation – the so-called VSAs. By adapting the natural stiffness of the actuator, it
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is possible to tune the natural dynamics of the overall system to fit a specific task optimally.
Depending on the actuator design, this can result in a significant reduction of the energy
consumption. Especially during tasks like bipedal walking that are characterized by periodic
oscillations, this could potentially be exploited. By varying the stiffness and thus the natural
frequency of the legs, the mechanical adaptation of the robot to the desired walking speed
is possible. Thereby, the actuator has to insert less energy actively.

Naturally, the benefits come at a cost. Compared to SEAs, this involves the modulation of
two independent DoFs – the physical stiffness and the equilibrium position. Therefore,
a VSA drive requires a second motor. The two motors can be arranged in two setups –
antagonistic or independent [Wolf 16]. The two arrangements are shown in Figure 4.6. The
antagonistic setup is inspired by the muscle arrangement found in humans and animals.
Co-contraction of the two motors modulates the stiffness. Notably, this mechanism requires
nonlinear spring characteristics to alter the output impedance. In the independent setup, the
two motors control the joint position and stiffness independently. While in the antagonistic
setup both motors are usually of the same size, in the independent setup the stiffness motor
can be scaled according to the required bandwidth of stiffness modulation. Additionally,
the independent setup only relies on a single elastic element.

(a) (b)

Figure 4.6: The two motor setups found in VSAs – (a) antagonistic and (b) independent.
From [Wolf 16].

There are three established methods to modulate the stiffness – preloading the spring,
changing the transmission ratio between motor output and spring, and physically chang-
ing the spring properties. The methods are independent of the underlying motor setup.
Preloading the springs is the most straightforward mechanism with the drawback of re-
ducing the potential for energy storage in case of high stiffnesses. Two examples are the
MACCEPA actuator developed by Van Ham et al. [Ham 06] and the BAVS proposed by Petit et
al. [Petit 15]. The change of the transmission ratio is more complex but has the advantage
that it does not affect the capability to store energy. The vsaUT-II is based on a mechanism
that moves the pivot point of a lever arm along its length and thereby changes its effective
length [Groothuis 14]. Vanderborght et al. [Vanderborght 13] give a good overview of the
various mechanisms to achieve variable stiffness and impedance. Van Ham et al. review
the implementations presented in literature [Ham 09].

Besides the variation of the mechanical impedance, active force/torque and impedance
control are also possible. Especially, as for the rendering of the transparent joint movement,
the stiffness bandwidth of the stiffness modulation might not be high enough. Therefore,
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similar to the SEA, the elasticity implements a sensor. As the stiffness of the elasticity
changes drastically, and this change does not necessarily follow a linear relation, the
force/torque estimation requires an additional model. Naturally, an additional model
introduces uncertainty. Depending on the underlying arrangement either one of the
antagonistic motors or the position motor in the independent setup modulate the output
force/torque and impedance. Unfortunately, no data regarding the bandwidth of the force
control of VSAs is published.

The datasheets of several implementations are published at the website of the Viactor
project1, an FP7 EU project focusing on the development of actuation approaches with
variable impedance. The datasheets provide the nominal stiffness variation time with no
load or with nominal torque. Across the implementations for which the data is provided,
the variation times fot the load case range from 0.33 s (DLR’s FSJ) to 6 s (AwAS). Only the
small actuation systems which are developed for the DLR’s hand-arm system are capable
of varying the stiffness within 20 ms.
For the systems that are suitable for a full scaled robotic leg, the variation times indicate
slow modulation dynamics. The stiffness variation might be apt for the adaptation between
different walking speeds or gait patterns, but the stiffness changes within a gait cycle
cannot be modulated. Fast impedance changes have to be modulated actively – similar
to the SEAs – by the position motor. Therefore, it has to be carefully evaluated if the
advantages outweigh the mechanical overhead and the additional weight. Above all, in a
system that features mono and biarticular actuation, low weight and tight integration of
the actuation units are very important.

Evaluation

As illustrated above, the drivetrain design of EM actuators influences their properties
tremendously. The possibilities range from direct drives without any gears to VSA that
allow for the modulation of the mechanical output stiffness. So far, no approach has
become prevalent, as a set of disadvantages counterweights the advantages of each. The
three approaches, which are feasible for the integration in a robotic leg which is targeting
dynamically unbalanced bipedal walking, are proprioceptive, series elastic, and variable
stiffness actuation. Five criteria are used to determine the most appropriate approach for
CARL: torque density, torque/force control, impedance control, energy storage, mechanical
simplicity. Figure 4.7 shows the heat maps that illustrate the performance of the actuation
approaches with respect to the defined criteria.

Although the proprioceptive actuation is very simple from a mechanical point of view, it
lacks the possibility for the storage of energy. Moreover, the low gear ratios necessary to
achieve a sufficient impact tolerance result in low torque densities. Regarding the control,
proprioceptive actuators provide a large bandwidth. However, without additional accurate
feedback, it relies on the current-torque relation of the EMmotor which reduces its accuracy.

The concept of VSA, to tune the overall systems oscillations by modulating the physical
stiffness of the actuator, is appealing. If feasible, it would allow for the rendering of a very
efficient gait. The passive elasticity could be exploited to perform most of the positive
and negative work. However, with the actuation technology available today, it results in

1http://viactors.org/VSA%20data%20sheets.htm

http://viactors.org/VSA%20data%20sheets.htm
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Figure 4.7: Heat maps illustrating the aptness of the EM-based approaches for drivetrain design –
(a) proprioceptive, (b) SEA, (c) VSA.

complicated mechanical designs that include two motors. Hence, this reduces the torque
density significantly. Especially for the implementation of a redundantly actuated leg, this
property negatively impacts the weight distribution.

SEAs pose the compromise between the simpler proprioceptive actuation and the more
complex VSAs. Off the three approaches, SEAs provide the highest torque density and allow
for the most accurate and robust control of force/torque and impedance. Although the
natural impedance of the actuator cannot be modulated, the rendering of the desired output
impedance through the force/torque control is possible. Although being not optimally
tuned for every locomotion, the series elasticity allows for the intermittent mechanical
storage of energy while the design overhead is still manageable.

4.1.3 Series Elastic Actuation

In 1995, Pratt et al. proposed the notion of series elastic actuation [Pratt 95a]. Over the last
two decades, this notion has been taken up by many researchers and lead to a broad spec-
trum of designs that are all driven by application-specific requirements and assumptions.
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Even scenarios of seemingly similar characteristics resulted in the development of differing
designs. To provide an overview of the state of the art of SEA implementations, first, the
following proposes a categorization for the implementations. Using this categorization, a
comprehensive overview of existing implementations is provided. Although there are a
few SEA designs that rely on other actuation technologies, the overview focuses on the
EM-based implementations.

4.1.3.1 Categorization of SEA Designs

Chevallereau proposes the categorization of actuators according to two main criteria
– the power supply (electric, hydraulic, pneumatic) and the generated kinematic motion
(rotary, prismatic/linear) [Chevallereau 09, p.181]. Similarly, a SEA is composed of an energy
source, a transmission, and a compliant element. The vast majority of SEA designs is based
on a rotary EM motor. In some designs, the transmission translates the rotation of the motor
to a linear motion. Therefore, the first criterion, which distinguishes SEA implementations,
is the generated motion – either a rotational or a linear motion. The integrated transmission
allows for a further subdivision of the designs. To adapt the motor characteristics to the
application, the majority of rotational designs use a HD. Linear SEAs mostly deploy a ball
screw (BS).

A second characteristic that allows for the categorization of the SEAs is the drivetrain
configuration – more specifically the placement of the elasticity within the drivetrain.
The concepts of proximal and distal are adopted from biomechanics to obtain a precise
definition. A muscle – and thus a SEA– can be considered to have two outputs of which each
is connected to a movable link. Furthermore, in humans and animals, a proximal location of
the muscle mass can be observed. Thereby, the distal mass is kept low. Therefore, regarding
the dynamics, every robotic drive has a preferred direction of integration regarding its
weight distribution. The energy source poses the most significant mass in an actuator –
e.g., the EM motor or the hydraulic cylinder. Thus, for EM SEAs, the proximal output is the
one that houses the motor. According to this definition, the compliance placement can be
categorized as:

• Proximal
• Distal
• Within the drivetrain

Notably, in literature, there are examples in which SEAs are deployed in the dynamically
unfavorable direction [Hutter 13].

The proximal and the distal placement are the two conventional approaches for spring
placement. Here, the elasticity is placed in line with the drivetrain and thus is exposed to
the full output torque/force of the actuator. Besides the proximal and the distal placement,
the placement of the elasticity within the drivetrain is a third option. In this case, it is either
placed between the motor and the gear or between two gear stages. As a consequence, the
torque/force acting on the elasticity is smaller. While this reduces the mechanical stress on
the elasticity, it lacks many of the advantageous properties of series elasticity. The gears
are still exposed to impacts, and the parasitic effects of the gears degrade the torque/force
sensing.
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The third set of criteria revolves around the properties of the series elasticity. From a
conceptional point of view, the elasticity can either exhibit linear or nonlinear characteristics.
While linear characteristics are more apt for the control layer, nonlinear characteristics have
some fundamental advantages, mainly when used as a torque/force sensor. A progressive
elasticity allows for a better resolution of small forces without limiting the total range.
As a consequence, this requires a more sophisticated model to estimate the output force
adequately. Besides a potential inaccuracy of the model, the model causes computational
overhead at the lower control layers where computational resources are limited. The
physical implementation of the elasticity allows for a further subdivision. Because of their
availability in different sizes and stiffnesses, many linear SEAs rely on COTS die springs.
Other implementations deploy elastomer or custom designed elastic elements.

The fourth criterion considers the measurement of the output force/torque. Most designs
estimate the output force/torque based on the deflection of the elastic element. The
deflection can either bemeasured directly or differentially. Linear SEAsmostly use the direct
measurement. A position sensor is located parallel to the linear springs. For differential
measurement, one position sensor is placed at each side of the elasticity. By calculating the
differential movement of the two sensors, the deflection can be estimated. Rotational SEAs
often rely on the differential sensor setup. Both approaches require a good knowledge of
the characteristic of the elastic element to estimate the output force/torque. A drawback
of the differential approach might arise from unknown non-linear dynamics between the
sensor and the elasticity – e.g., due to a gearbox when using the motor movement, – and
the accumulation of sensor noise.

Another approach is the direct measurement of the intrinsic deformation of the elastic
element using strain gauges. The strain gauges can be directly applied to the elastic
component and capture the local deformation. This approach requires a model to estimate
the output force/torque.

Other implementations place COTS force/torque sensors in line with the compliant actuator.
Although the COTS sensors are also based on strain gauges, they resemble a high gain
load cell that is characterized by a low signal-to-noise ratio. Thereby, the possibility for
higher control gains – an essential advantage of SEAs– is lost. To summarize, the four main
criteria and their sub-criteria, which are used for the categorization of SEA implementations
are listed in Table 4.2.

Main Criteria Sub-Criteria

Output Motion Rotational
Linear

Drivetrain Transmission
Configuration

Elasticity Characteristic
Implementation

Force/Torque
Measurement -

Table 4.2: The criteria used for the categorization of SEA implementations.
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4.1.3.2 Existing SEA Designs

The following gives an overview of existing SEA designs. Similar to the bipeds presented
in Section 3.2, it is not possible to cover all existing solutions. In particular, as some of
the implementations presented in the literature are very basic prototypes. They were only
used to demonstrate fundamental properties or approaches for the closed-loop control.
Therefore, the overview focuses on implementations that have either been integrated into a
robotic prototype or at least reached a development level that allows for integration. More
prototypic implementations are only considered if the implementation poses a novelty.
Table 4.3 lists the relevant implementations. The overview is structured according to the
criteria as mentioned above.

As shown in the table, overall there exist more rotational than linear implementations.
Similar to the conventional robotic drives, most of them rely on a HD. Although the
use of a HD results in a high torque density, the low efficiency disqualifies them with
respect to the B4LC requirements. The efficiency of COTS rotational transmissions is below
85 % [Chevallereau 09, pp.175]. Furthermore, the high gear ratios which are used in the
rotational designs induce high reflected inertias. Often, the reflected rotor inertia is of the
same magnitude as the mass of the whole robot [Hurst 08]. Similar to the initial design
proposed by Pratt et al., the majority of the designs places the spring distally. The output
torque is mostly estimated through indirect position-based measurement of the spring
deflection. Except for the design proposed by Paskarbeit et al., all implementations use
steel springs with linear characteristics.

Except for the linear SEA deployed at Valkyrie’s ankle, all linear implementations use BSs.
BSs are more compact, efficient, and robust to shock forces compared to their rotational
counterparts [Siciliano 08, p.82]. The decreasing stiffness of the BS with increasing screw
lengths limits the possible range of motion. With increasing length, a possible buckling
of the screw might become critical. In a conventional scenario with a driven screw, the
dynamics of the rotating screws limit the maximum speed. Driving the nut instead of the
screw mitigates this limitation [Siciliano 08, p.82].

Despite the benefits of the BSs, all the presented designs exhibit high reflected iner-
tias – for instance, 360 kg [Paine 14a], 270 kg [Paine 15a], 294 kg [Knabe 14], and 128 kg
[Robinson 00]. The high inertias are either due to the use of low-pitch ball/roller screws or
a second preceding gear stage – mostly a timing belt. The numbers illustrate the magnitude
of the reflected inertia – each actuator exhibits an output mass that is at least in the range
of the weight of a humanoid system. For instance WALK-MAN total weight sums up to
132 kg [Tsagarakis 17].

Regarding the spring placement, in the more recent implementations, a trend for proximal
spring placement can be observed. Similar to rotational SEAs, most of the designs rely on
steel springs with linear characteristics. In the linear domain, the most common choice is
COTS die springs. Only the viscoelastic liquid cooled actuator (VLCA) presented by Kim et
al. uses a nonlinear elastomer element. In contrast to the rotational SEAs, the output force
of linear SEAs is mostly obtained from the direct measurement of the spring deflection.
Only two designs deploy a COTS load cell for force feedback.
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Evaluation

The beneficial properties of BSs make linear SEAs the most suitable choice. The high
efficiency paired with their robustness and compactness are clear advantages over the rota-
tional counterparts. The impact tolerance of BSs is especially relevant in case of proximal
spring placement. With the motor and gearbox mass located between the distal output
and the elasticity, the gearbox is exposed to a portion of the distal shock forces [Hutter 13].
Likewise, the force sensing is also low-pass filtered by the motor/gearbox mass. Thus, this
has a negative impact on the rendering of the distal output force.

Still, the advantages outweigh the drawbacks. If the SEA is deployed in its dynamically
favorable direction, the proximal arrangement entails a better weight distribution within
the leg. The spring system, which poses a significant contribution to the overall actuator
weight, is thereby located more proximally. Moreover, as argued by Paine et al., combining
the proximal placement with a hollow shaft drive and a driven ball nut results in more
compact designs and an increased range of motion for a given BS length [Paine 14a]. The
force/power density further benefits from the reduced number of mechanical parts that are
exposed to the full force flux. Additionally, a driven ball nut allows for higher speeds.

Although the drawbacks are well illustrated in literature, the existing designs exhibit high
reflected inertias. For a typical HD-based drivetrain, the reflected rotor inertia is of the same
magnitude as the robot mass [Hurst 08]. In particular, in case of human-like walking and the
associated foot-ground collisions, the reflected inertia is disadvantageous. It contributes
significantly to the effective mass involved in the collision dynamics [Wensing 17].

Hurst et al. highlight another drawback of an excessive reflected inertia [Hurst 04b]. The
motor’s reflected inertia in combination with the saturation of the motor force limit the
possible acceleration and thus the force bandwidth of the actuator. When the actuator
impacts a hard environment, this nonlinearity leads to a chatter which cannot be com-
pensated by the closed-loop control. Hurst et al. explicitly mention the reduction of the
reflected inertia as one possible solution to this dilemma.

Kemper et al. derived the physical limitations that result from pronounced passive actuator
dynamics [Kemper 10]. The analysis is based on a simple dynamic model of a rotational
actuator with a series spring-damper system and does not include any closed-loop control
mechanisms. Instead, they focus on the effect of the design parameters on an open-loop
torque control task. The investigated scenarios are the generation of a varying torque
against a static surface and the generation of zero torque against a moving load. They
conclude that the only way to improve the performance in both scenarios is to reduce the
motor inertia.

As shown by Paine et al., the power consumption significantly increases when controlling the
force/torque above the SEA’s natural frequency. Figure 4.8 shows the power consumption
of Valkyrie’s knee SEA for a set of control gains kp. The further the system acts beyond its
natural frequency and the higher the closed-loop gains, the more the power consumption
increases.

The natural frequency of the SEA is obtained from the high impedance model – both outputs
are assumed to be fixed. Neglecting damping, a SEA in this configuration resembles a
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Figure 4.8: Power consumption of the SEA actuating Valkyrie’s knee for a set of kp is shown. A PD
controller was used to track the desired torque chirp signal. From [Paine 15a].

spring-mass system. The natural frequency of a linear SEA is

f = 1
2π

√︄
ks

ms

, (4.5)

where ks is the stiffness of the elasticity and ms the sprung mass. Reducing the reflected
inertia increases the natural frequency of the SEA, as it is the most significant contributor
to the sprung mass. Hence, the SEA should be designed to have a natural bandwidth at
least equal to the closed-loop bandwidth required by the high-level control architecture.

In literature, mostly the compliance of the elasticity is considered to be the only design-
DoF to influence the open-loop bandwidth [Robinson 00, p.108][Paine 15a]. However, to
achieve the desired actuation properties, the reflected inertia of the drivetrain is another
design-DoF that can be influenced. Therefore, a suitable design for a human-like gait
should minimize the reflected inertia – and thereby bridge the gap between proprioceptive
drives and conventional SEA design. An actuator that balances reflected inertia and force
density, but still allows for precise and high fidelity force control, is desirable.

The spring system should have low physical damping to efficiently store and release
energy [Hutter 13, p.44]. Furthermore, a spring system with minimal friction allows for the
deflection-based estimation of the output force. The influence of the velocity dependent
friction can be neglected. Regarding the implementation of the spring system, the use
of COTS springs seems to be the most appropriate solution. Thereby, the stiffness of the
elasticity can be modified without additional design and manufacturing overhead. Although
this approach results in more mechanical overhead compared to custom springs, it provides
the desired flexibility when developing a robotic prototype. Based on the resulting linear
characteristic, the spring force can be directly obtained by measuring the spring deflection.
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Thus, in this context, the direct position-based force measurement seems to be the most
appropriate.

To conclude, a SEA, tailored to support the B4LC gait, is outlined by the properties listed in
Table 4.4.

Output Motion Linear

Drivetrain Single-stage BS
Driven ball nut
Hollow shaft
Minimized refelcted inertia

Elasticity Proximal placement
Minimal damping
Linear characteristic
COTS die springs

Force measurement Position-based
Direct

Table 4.4: Design properties of a SEA suitable for the B4LC gait.

4.1.3.3 Approaches for the Closed-Loop Control of SEAs

The impedance control of SEAs is mostly implemented using various cascades of control
loops. When using BLDC motors, the inner cascade is a current controller. This cascade
handles the commutation and magnitude of the EM field by controlling the current that is
flowing through each of to the three windings (ia, ib, ic). The enclosing cascade is mostly
the force control that directly generates the desired current (ides) for the current con-
trol [Pratt 95b, Paine 14a, Paine 15a, Hopkins 15, Oh 16, Negrello 15, Kong 09, Austin 15].
This structure is illustrated in Figure 4.9a. In this scheme, the drivetrain acts as a force
source in the system dynamics. A drawback of this approach is the exposure of the un-
wanted gearbox properties – e.g., friction, stiction, and backlash – to the force control
loop.

Thus, it has been proposed to introduce an additional velocity control cascade between the
force control and the current control [Tagliamonte 14, Vallery 07, Hutter 13, Robinson 00,
Wyeth 08, Lagoda 10]. This is shown in Figure 4.9b. Thereby, the drivetrain can be con-
sidered a velocity source. The idea is that – by controlling the SEA kinematically – the
nonlinear gearbox behavior is encapsulated from the enclosing force loop. This encapsula-
tion is beneficial if the transmission displays a high degree of internal friction or backlash,
e.g., a HD.

Although there have been more advanced approaches to the design of the force control
[Bae 10, Calanca 14b, Calanca 14a, Grun 12], simple linear approaches demonstrate ad-
equate performance. In the literature, PD [Pratt 95a, Robinson 00, Kong 09, Paine 14a,
Paine 15a], PI [Robinson 00, Wyeth 06, Ragonesi 11], or PID [Hutter 13, Hutter 17,
Hopkins 15, Austin 15, Lu 15, Lagoda 10] controllers are predominant. All controllers are
combined with a set of feed-forward terms to compensate for the drivetrain properties
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Figure 4.9: Two common control structures for the force control of SEAs– (a) force control directly
generates the desired current or (b) an additional nested velocity loop.

– e.g., a friction compensation. If present, the I-portion can compensate for the residual
effects and the unmodeled load motion. If the controller does not include an I-portion,
the control structure is sometimes accomplished by more sophisticated techniques – for
instance a disturbance observer (DOB) [Kong 09, Paine 14a, Paine 15a, Hopkins 15] or a
Luenberger observer [Austin 15].

The DOB, initially introduced by Ohnishi and Murakami [Ohnishi 89], forces the system
to the desired plant behavior. Kong et al. were the first to propose the application of a
DOB in the context of SEAs [Kong 09]. The DOB compares the ideal plant behavior to the
response observed from the physical system. Thus, the DOB can be used to compensate
for disturbances and variations of the plant dynamics. As a side effect, similar to the
I-portion of the PID controller, the DOB reduces the low-frequency error [Roozing 16].
While Ohnishi and Murakami used the open-loop model of the plant, in the context of
SEAs, the DOBs sometimes use the plant model of the closed-loop force control in the
high impedance scenario [Kong 09, Paine 14a, Paine 15a]. Roozing et al. compared the
two approaches to DOB implementation in simulation and found no significant difference
regarding the performance [Roozing 16]. Thus, the open-loop DOB seems preferable as it
relies on lower-order models and is not related to the controller gains. A recent example of
an application using the open-loop model of the system is the control proposed by Hopkins
et al. [Hopkins 15].

Structurally, the impedance control is rather simple - it resembles a simple PD control

Fimp = kimp(x − xd) + dimp(ẋ − xḋ), (4.6)

where the desired actuator position xd poses the equilibrium position of the virtual spring
and x the length of the linear SEA. The P portion reflects the desired stiffness kimp, the D
portion the desired damping dimp of the virtual spring-damper-system. Although there is
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no physical interpretation, additionally a desired velocity xḋ can be included as well. The
bandwidth of the outer impedance control is determined by the performance of the nested
force control loop. Thus, a fast inner force loop is necessary for a good performance of the
outer impedance loop [Calanca 15].

Overall, the mechanical properties of the actuator and the computational infrastructure
influence the choice of the appropriate control structure [Hutter 13, p.46]. The latter is
composed of the embedded systems, a central computation unit – mostly a COTS PC-based
system running an operating system – and the bus system which is connecting the two.
This relation resembles the design dependency between the embedded electronics and
the physical actuator mentioned above.

4.1.4 Modeling of the SEA Dynamics

The following section evolves around the content published in [Schütz 16c, Schütz 16b].

To make the appropriate design decisions that result in the desired properties, it is nec-
essary to develop a comprehensive model of the actuator. The model should as close
as possible reflect the actuator’s dynamics and the envisaged application to avoid poor
design decisions [Orekhov 15]. Besides the adequacy of the model, it should introduce
intuitiveness to the understanding of the SEA dynamics. In the literature, the modeling of
SEAs mostly includes two fundamental assumptions – at least one output is connected to
a mechanical ground, and all masses within the actuator are merged into a single mass.
When designing the closed-loop force control, mostly the second output is assumed to be
immovable as well – often referred to as the high-impedance scenario. This assumption
reduces the SEA dynamics to a second-order spring-mass-damper system.

For applications like bipedal walking or manipulation – especially when interacting with
the environment – the assumption of one or two mechanical grounds is not valid. If the
leg or manipulator show a serial kinematic layout, the actuator generates a force/torque
on both links. Therefore, depending on the load condition, the distal and the proximal link
might move. This phenomenon is very pronounced in bipedal walking due to the change
of the ground contact between the stance and swing phase. Orekhov et al. describe it as
changing ground [Orekhov 15]. The concept is illustrated in Figure 4.10. It shows that the
assumption of one output being fixed to a mechanical ground is not valid for most of the
sophisticated robotic applications. A generalized model of a SEA should assume the loads
connected to the two outputs to be movable.

As shown below, the merging of the sprung mass and the reflected rotor inertia lead to
wrong assumptions in a two load scenario. Such a model – often referred to as lumped
model – can only explain the forces at the distal output of a SEA with distal spring
placement. However, only a few publications consider an unlumped model. Orekhov et al.
provide an unlumped model for a linear SEA [Orekhov 15]. A rack and pinion analogy is
used to illustrate the influence of the sprung mass and the rotor inertia. For a linear SEA
based on a BS, the rack and pinion representation is adequate, but it cannot reflect some
phenomena of rotational SEAs.

Therefore, the following introduces an intuitive and comprehensive two-load model for a
linear SEA with proximal spring placement. Then, the open-loop SEA model is extended by
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(a) (b)

Figure 4.10: Illustration of the change in ground conditions in bipedal walking during (a) the stance
phase and (b) the swing phase. From [Orekhov 15].

various cascades of the closed-loop control. The inclusion of the closed-loop elements
allows for further insights regarding the relevant design parameters. Afterward, the model
is generalized to SEAs with arbitrary gears and spring placements.

4.1.4.1 Mechanical Model

Figure 4.11a shows the abstract illustration of a SEA with proximal spring placement, a
hollow shaft drive, and a driven ball nut. Figure 4.11b gives the according schematic
illustration of the system dynamics. The coloring emphasizes the mapping between the
abstract mechanical components and the schematic illustration. The schematic illustration
explicitly includes all linear effects that influence the system dynamics. The two disturbance
forces, Fum and Fus, summarize the nonlinear effects of the drivetrain and the spring system.

The vertical branch in Figure 4.11b represents the rotational subsystem of the actuator.
In the rotational domain, the motor’s dynamics are described by the rotor angle θm, the
rotor inertia Jm, the rotational damping βm, and the EM torque τem. They can be mapped
to the linear domain by the gear ratio N of the BS. In the linear domain, the corresponding
quantities are the linear motion of the motor xm, the reflected rotor massmJ , the reflected
viscous motor damping bM , and the EM force Fem. The four equations that describe the
mapping are

xm = θm/N (4.7)
Fem = Nτem (4.8)
mJ = N2Jr (4.9)
bm = N2βm. (4.10)

The horizontal branch represents the dynamics of the linear system. It is composed of
three rigid bodies and their respective masses – the actuator chassis massmc, the proximal
output mass mop, and the BS mass mod. Notably, the color correspondence in Figure 4.11
does not represent that the weight of the rotor and the integrated ball nut add to mc.
Likewise, the reflected rotor mass mJ does not add to mc.

In case of proximal spring placement, the spring system is located between mc and mop.
Its dynamics are described by the spring constant ks, the damping bs, and all nonlinear
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Figure 4.11: (a) Abstract illustration of a linear SEA based on a BS with a driven nut and prox-
imal spring placement. (b) Schematic illustration of the composing subsystems. As published
in [Schütz 16a]

effects represented by Fus. The motion of the proximal output xp, the chassis xc, the distal
output xd, and the motor movement xm describe the movement of the different masses. As
indicated by the dashed circle in Figure 4.11b,

xm = xc + xd (4.11)

couples the latter three. The force Fm equally acts on mJ , mc, and mod. The deflection of
the spring xs is given by

xs = xc − xp. (4.12)

Both, the proximal and the distal load are rigidly coupled to the respective actuator output.
The loads are modeled as two masses –mld andmlp. Additionally, each mass is coupled to a
mechanical ground through a spring (kld and klp) and a damper (bld and blp). Two load forces
(Fld and Flp) are included to represent nonlinear effects and arbitrary disturbance forces.
Notably, the schematic representation points out a shortcoming of the lumped model:
although the BS couples the rotational and the linear masses, they do not necessarily move
together. Therefore, the assumption of lumped masses is not adequate.
The four differential equations that describe the dynamics of the overall system are

mJ ẍm =Fem + Fum − Fm − ẋmbm (4.13)
mcẍc =Fm − bs(ẋc − ẋp) − ks(xc − xp) − Fus (4.14)

(mod + mld)ẍd =Fm − bldẋd − kldxd − Fld (4.15)
(mop + mlp)ẍp =bs(ẋc − ẋp) + ks(xc − xp) + Fus − Flp − blpẋp − klpxp. (4.16)
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The four equations are coupled by the motor force Fm and the spring force Fs. The output
forces acting on the loads are

Fop = − mopẍp + bs(ẋc − ẋp) + ks(xc − xp) + Fus (4.17)
Fod =Fem + Fum − mJ ẍc − bmẋc − (mod + mJ)ẍd − bmẋd. (4.18)

The force in the spring system is

Fs = bsẋs + ksxs + Fus. (4.19)

Equation (4.19) again underlines another important aspect – the spring deflection does not
represent the force acting within the spring system. The damping bs and other nonlinear
effects, which are represented by Fus are adding to the force acting in the spring system.
Therefore, xs only provides an estimate of the forces produced at the actuator outputs. The
quality of the estimate depends on the design of the spring system.

4.1.4.2 Electrical Model

A theoretical analysis of the comprehensive model given by the Equations (4.13) to (4.18) is
difficult. Only Robinson provides a brief theoretical analysis of the effect of a moving mass
on the force control [Robinson 00]. He assumes a linear SEA with distal spring placement
and the mass connected to the distal output. In literature, the influence of one inertial load
is mostly evaluated by simulation or experimental data [Paine 14a, Orekhov 15].

Thus, in the following, the mechanical model is transferred to the electrical domain using
the impedance analogy [Busch-Vishniac 12]. In the electrical domain, the mechanical
model maps to a simple circuit model with parallel branches. The transfer to the electrical
domain entails two significant advantages. The circuit intuitively illustrates the role of
each mechanical component regarding its influence on the system behavior. Moreover, as
the circuit theory is well taught, it provides the methods to analyze complex circuits and
derives the transfer functions of interest.

Therefore, the following introduces the circuit model of a linear SEA with proximal spring
placement. Then, the model is extended by various cascades commonly used for the closed-
loop control of SEAs. This extension allows for the identification of the influential design
parameters on the closed-loop performance. The underlying motivation is to exploit the
gained insights during the design of the actuator. Finally, the electrical circuit is generalized
for different SEA configurations – i.e., spring placement and output motion.

Impedance Analogy

The impedance analogy relates physical quantities from different domains. Table 4.5 lists
the related quantities of the electrical and the mechanical domain. The effort quantities
are the voltage e and the force f ; the flow variables are the current i and the linear velocity
ẋ. Accordingly, the equivalent mechanical (Zmech) and electrical (Zelec) impedances are
defined as

Zmech(s) = F (s)
Ẋ(s)

= ms + b + k/s (4.20)

Zelec(s) = E(s)
I(s) = Ls + R + 1

Cs
. (4.21)
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Electrical - Mechanical

Voltage e - F Force
Current i - ẋ Velocity
Inductance L - M Mass/Inertia
Capacity C - 1/k Compliance
Resistance R - b Damping

Table 4.5: Impedance analogy between the mechanical and the electrical domain. Derived
from [Eargle 03, p.4]

Hence, an electrical impedance can represent the behavior of each mechanical component
of a linear SEA:

• The motor’s rotational impedance is

Zrm = Jrs + βm. (4.22)

The impedance is dominated by the rotor inertia Jr. The gearbox friction mainly
accounts for the damping βm. The stiffness of the rotor and the BS are neglected.
Fum represents nonlinearities of the drivetrain, e.g., the cogging torque of the motor.

• In case of the linear SEA, the BS couples the rotational and the linear motion. In the
electrical domain, it can be represented by a transformer with the ratio 1 : N . Thus,
the linear impedance Zm of the motor reflected through the transformer is

Zm = N2Zrm = mJs + bm. (4.23)

The electromechanical torque τem is converted by the gearbox to a linear force by

Fem = Nτem. (4.24)

• The linear sprung mass includes the chassis and the rotor mass. Thus, the respective
impedance is

Zc = mcs. (4.25)

• The dominant characteristic of the elasticity is its compliance. In a physical system,
the elasticity is always accompanied by damping. Hence, its impedance equals

Zs = bs + ks

s
. (4.26)

An additional voltage source Fus in the electrical branch represents the nonlinear
properties of the spring system – e.g., hysteresis and stiction.

• The output masses mo∗ correspond to the BS and the mechanical component at the
proximal end of the SEA. Their impedance is

Zo∗ = mo∗s. (4.27)



94 4. Transparent Actuation Unit

• The loads are modeled as full impedances extended by an additional external force.
The force is modeled as a voltage source Fl∗. The respective impedances are

Zl∗ = ml∗s + bl∗ + kl∗
s

. (4.28)

In the listing above, the wildcard ∗ can be replaced by either p or d to represent the proximal
or the distal end of the SEA.

Circuit Model of the SEA Dynamics

The circuit model of a SEA results from the translation of the mechanical system to the
electrical domain using the analogies introduced above. It is shown in Figure 4.12. For a
better understanding, the most dominant element of its impedance illustrates each me-
chanical component. As Zop,Zod and Zc represent masses they are depicted as inductances.
Similarly, a capacitor depicts Zs.
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Figure 4.12: Comprehensive circuit model of a linear SEA with proximal spring placement.
From [Schütz 16c]

Except for the three inductancesZop,Zc, andZod, the circuit consists of four parallel branches.
The two outer branches represent the load dynamics, while the two inner branches il-
lustrate the actuator’s internal dynamics – the spring system and the drivetrain. As the
current/velocity in each of the parallel branches differ, each branch corresponds to a DoF
of the mechanical system. Namely, there are the spring deflection xs, the motor movement
xm, and the two load movements xp/d. The two nodes represent the kinematic couplings
introduced by Equations (4.11) and (4.12). Applying Kirchhoff’s current law gives

ẋm = ẋc + ẋd (4.29)
ẋs = ẋc − ẋp. (4.30)

As indicated in Figure 4.12, the voltages at the two nodes represent the motor force Fm

and the spring system force Fs.
Analyzing the circuit using Kirchhoff’s voltage law gives the four equations

Fm =Fem + Fum − ZmẊm(s) (4.31)

Fm =ZcẊc(s) + ZsẊs(s) + Fus (4.32)

Fod =ZldẊd(s) + Fld (4.33)

Fop =ZlpẊp(s) + Flp. (4.34)
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When replacing the mechanical impedances by the respective electrical impedance, they
equal Equations (4.13) and (4.16). Thus, without in-depth analysis, the circuit model of a
SEA already intuitively illustrates the influence of each element/branch on the resulting
forces and impedances.

To further analyze the SEA dynamics, the circuit can be simplified by a set of appropriate
assumptions. The output masses Zop and Zod are rigidly coupled to the loads. Furthermore,
in most applications, the masses of the outputs are at least one magnitude smaller than
the masses of the attached links. Therefore, to simplify the circuit, they can be either
neglected or merged with the respective load mass. As a result, Fod and Fop are equal to
Fm and Fs respectively. For simplicity, the nonlinearities represented by Fum and Fus are
omitted as well. Figure 4.13 shows the simplified circuit. With the linear sprung mass Zc,
only one series element remains. Being located between the two outputs, it causes the
difference between Fop and Fod. Thus, when Zc is considered, the system must be treated
as a two-port system.

−+Flp

Zlp

ẋp ẋs

Zs

Zc

ẋc
ẋm

Zm

−+Fem

ẋd

Zld

−+Fld

SEA

Fop Fod

Figure 4.13: The simplified circuit model of a linear SEA with proximal spring placement. Adapted
from [Schütz 16c].

Deriving the Transfer Functions From the simplified circuit, the transfer functions (TFs)
of the motor force Fem to the output forces Fod and Fop can easily be obtained. There-
fore, the parallel branches of the simplified circuit are replaced by their Norton equiva-
lents [Johnson 03]. The resulting circuit is shown in Figure 4.14. The passive impedances
at the outputs are

ZT od = Zld ∥ Zm ∥ (Zc + (Zs ∥ Zlp)) (4.35)
ZT op = Zlp ∥ Zs ∥ (Zc + (Zm ∥ Zld)). (4.36)

Flp

Zlp
Zlp Zs

Zc

Zm

Fem

Zm
Zld

Fld

Zld

SEA

Fop Fod

Figure 4.14: The norton equivalent of the simplified SEA circuit. Adapted from [Schütz 16c].



96 4. Transparent Actuation Unit

The respective admittances are

YT od = Yld + Ym + (Yc ∥ (Ys + Ylp)) (4.37)
YT op = Ylp + Ys + (Yc ∥ (Ym + Yld)). (4.38)

When Fem is assumed as the input and Fod as the output, the TF Tod becomes

Fod = Fem

Zm

ZT od (4.39)

Tod = Fod

Fem

= Zld ∥ Zm ∥ (Zc + Zs ∥ Zlp)
Zm

. (4.40)

Expressing the TF with admittances instead of impedances gives

Tod = Ym

Ym + Yld +
Ys + Ylp

1 + Ys

Yc
+ Ylp

Yc

. (4.41)

The TF Tpd that describes the relationship between the distal and the proximal output is

Fop = Fod
Zlp ∥ Zs

Zc + Zlp ∥ Zs

(4.42)

Tpd = Fop

Fod

= Yc

Yc + Ys + Ylp

. (4.43)

Thus, the TF Tod for the proximal output is obtained from Equation (4.41) as

Top = Fop

Fem

= Fop

Fod

Fod

Fem

=
1

1 +
Ys

Yc

+
Ylp

Yc

Ym

Ym + Yld +
Ys + Ylp

1 + Ys

Yc
+ Ylp

Yc

. (4.44)

The literature does not provide the transfer functions for a linear SEA with proximal spring
placement and two moving loads. Mostly the TFs for the high impedance scenario are given.
This corresponds to the case of Zlp → ∞ and Zld → ∞. Therefore, the high impedance
TFs are

Tod = Fod

Fem

= Zc + Zs

Zm + Zc + Zs

(4.45)

Top = Fop

Fem

= Zs

Zm + Zc + Zs

. (4.46)

Replacing the electrical impedances with the respective definitions given above yields

Tod = mcs
2 + bss + ks

(mJ + mc)s2 + (bm + bs)s + ks

(4.47)

Top = bss + ks

(mJ + mc)s2 + (bm + bs)s + ks

. (4.48)

Neglecting the damping of the spring system bs, this corresponds to the TFs given by
Orekhov et al. [Orekhov 15].
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Deriving the Output Impedances In the simplified circuit, the system has two output
ports. The output impedance of each port can be obtained by assuming that the other
port is connected to a mechanical ground. If additionally, the internal voltage sources are
short-circuited, the impedances are

Zod = Zm ∥ (Zc + Zs) (4.49)

Zop = Zs ∥ (Zc + Zm). (4.50)

The equations again highlight the inadequacy of the lumped model. It assumes that Zc

and Zm are always in series and therefore moving together [Paine 14a]. This assumption is
only correct for the proximal output. In Equation (4.49), the linear sprung mass Zc and the
reflected rotor inertia Zm are located in parallel branches.

From Equations (4.49) and (4.50) the port impedances for high frequencies (s → ∞) –
which are of special interest for the dynamic interaction with the environment – can be
derived. At the proximal output, the spring impedance is dominant, as it is parallel to
the mainly inertial impedances. Therefore, impact forces are absorbed by the spring. The
impact is of an elastic nature. The distal impedance Zod, in contrast, exhibits an inertial
behavior which leads to an inelastic nature of the impacts. The forces acting on the BS are
higher and thus increase the risk of mechanical damage.

This observation underlines that a high backdrivability of the drivetrain is advantageous in
case of distal impacts – a small Zm reduces the forces on the gear. However, besides the
minimized reflected inertia, this leads to another design implication. If shock forces occur
at the distal output of a SEA with proximal spring placement, a distal compliance should be
placed along the subsequent kinematic chain. In the case of a robotic leg, the foot should
feature a certain degree of compliance as the impact of the heel strike acts on the distal
SEA output.

Requirements for the One-Port Assumption The linear sprung mass mc is the only serial
element in the system. Hence, it has a unique influence on the system’s behavior and
prevents the assumption of a one-port system – the assumption that underlies most of the
literature on the closed-loop control of SEAs. Hence, the following derives the conditions
under which this is valid.

Applying Kirchhoff’s current law to the node Fs in the simplified circuit, the inverse of Tpd

is obtained as
Fod

Fop

= 1 + Zc

Zs

+ Zc

Zlp

. (4.51)

Equation (4.51) shows that Tpd approaches unity if the two last fractions are comparably
small. The first fraction reflects the ratio between the impedances of the linear sprung
mass and the spring impedance. Neglecting the damping of the spring system, the equation
becomes

Zc

Zs

= mcs

ks/s
= mc

ks

s2. (4.52)

This leads to another design implication: a small sprung massmc and a high spring stiffness
ks extend the frequency range for which the two SEA outputs act equally. Thus, if a SEA is
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designed advantageous and the envisaged closed-loop bandwidth is small (e.g., the 10 Hz
defined as a high-level requirement), this assumption holds.

The last term in Equation (4.51) depends on the impedance of the proximal load Zlp and is,
therefore, application specific – and not a question of SEA design. Still, in most applications,
the loads are primarily of an inertial nature. Thus, the ratio of the two masses determines
the relevance of the term

Zc

Zlp

= mcs

mlps
= mc

mlp

. (4.53)

Notably, the term is independent of the frequency. If the SEA is integrated in its favorable
dynamic direction, the proximal output acts on a chain of links that exhibits an inertial
behavior. In most bipeds, the inertia of the lumped proximal links is at least one magnitude
bigger than mc. Thus, this assumption mostly holds in bipedal walking if the SEA design
features a small sprung mass mc.

If both requirements are met, the sprung mass can be neglected (Zc = 0). Therefore, Top

and Tod are

Tod = Top = Ym

Ym + Yld + Ys + Ylp

. (4.54)

With Zc gone, all branches in the remaining circuit are parallel, see Figure 4.13. Con-
sequently, the two loads can be merged. The resulting circuit is shown in Figure 4.15.

ẋs

Zs

ẋm

Zm

−+Fem

ẋl

Zl

−+Fl

SEA
Fo

Figure 4.15: Simplified circuit model of a SEA with lumped loads.

Circuit Model of the Closed-Loop Control

In the following, the simplified model with merged loads (shown in Figure 4.15) is stepwise
extended by the circuit representation of various closed-loop control cascades. It should
be emphasized that this thesis does not contribute to the state-of-the-art of SEA control.
Instead, it contributes by analyzing the influence of the mechanical design on the closed-
loop control performance. The motivation is the high-level requirement to render desired
forces and impedances at the SEA output – independent of the load impedance Zl.

The assumed control structure is shown in Figure 4.16. The controller resembles the
approach presented by Paine et al. [Paine 15a]. Notably, in the absence of the output
masses mp,md, the load impedance Zl must be non-zero. Otherwise, it is not possible to
generate any output force.
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+dimp
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ẋl
Pc

DOB

Zimp

Figure 4.16: The assumed closed-loop control structure – similar to [Paine 14a]. Adapted
from [Schütz 16b].

The representation using admittances (Y∗ = 1/Z∗) is chosen for the analysis of the closed-
loop elements. Figure 4.17 shows the Norton equivalent circuit of the simplified circuit
with merged loads. Moreover, for the analysis of the general closed-loop behavior, the
disturbance forces Fl are omitted. Also, as the bandwidth of the current control normally is
at least one magnitude higher than the bandwidth of the enclosing control cascades, it is
neglected for the following considerations.

Ys Ym FemYm Yl

SEA

Fo

Figure 4.17: The norton equivalent of the SEA circuit with merged loads. The elements are
represented using their admittances Y∗. Adapted from [Schütz 16b].

Modeling of the Force Control Neglecting the current control, the force control loop is
the inner cascade in the control system shown in Figure 4.17. It adjusts the output force Fo

according to the reference force Fr. The feedback error of the force loop is described by

Fem = Yctr(Fr − Fo), (4.55)

where Yctr is the transfer function of the controller. Assuming a PD control, its transfer
function in the s-domain is

Yctr(s) = kp + kds. (4.56)

Neglecting the damping of the spring system, the output force Fo can be estimated by the
spring position xs

F̂ o = ksxs. (4.57)

From Figure 4.17, the open-loop TF can easily be derived:

FemYm = Fo

(︂
Ym + Ys + Yl). (4.58)
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To obtain the closed-loop TF, Fem is replaced by Equation (4.55):

Pc = Fo

Fr

= YmYctr

YmYctr + Ym + Ys + Yl

= 1
1 + 1

Yctr
+ Ys+Yl

YmYctr

. (4.59)

Figure 4.18 shows the corresponding circuit that represents the force control in the electrical
domain.

Ys

YmYctr

1
Yctr

1 Fr

Yl

YmYctr

SEA

Fo

Figure 4.18: The circuit model resembling the closed-loop force control. Adapted from [Schütz 16b].

From Equation (4.59) and the respective figure, it can be seen that the TF approaches
unity for high control gains |Yctr| and a high reflected admittance of the drivetrain |Ym|. Thus,
both conditions promote an improved closed-loop performance. In a physical system,
the nonlinearities of the plant – e.g., backlash and stiction of the drivetrain – or sensor
noise are the limiting factors for the maximum feasible control gains. The reflected
admittance resembles the drivetrain’s backdrivability – the motor’s impedance reflected
through the transmission plus the friction of the transmission system. In the literature, it is
often stated that backdrivability has a positive impact on the force control performance
– in particular in case of unanticipated interaction with the environment [Townsend 88,
Calanca 15, Hurst 04b]. The proposed circuit model supports this – the bigger |Ym|, the
closer Pc is to unity.

Moreover, the closed-loop performance would further benefit from small load and spring
admittances – in the ideal case zero. While the first corresponds to the high-impedance
scenario, a spring admittance of zero corresponds to an infinitely stiff elasticity. This
also is in line with the trade-off mentioned in Section 4.1.2.2 – the elasticity reduces the
achievable bandwidth.

Modeling of the Disturbance Observer From Figure 4.16, the closed-loop TF including
the force control and the DOB can be derived as

PDOB = Fo

Fd

= PcPn

Pn(1 − Q) + PcQ
. (4.60)

The nominal plant Pn is assumed to be the closed-loop TF of the force control in the high
impedance scenario. It can be derived from Equation (4.59) as

Pn = Fo

Fr

= YmYctr

YmYctr + Ym + Ys

. (4.61)
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Q is the TF of a low-pass filter. The minimum order of the filter has to be such that the
PDOB becomes proper. Replacing the TFs in Equation (4.60) by the respective admittances
gives

PDOB = Fo

Fd

= YmYctr

YmYctr + Ym + Ys + (1 − Q)Yl

. (4.62)

From this, again an equivalent circuit shown in Figure 4.19 can be derived. It shows the
DOB’s contribution to the reduction of the disturbance introduced by the load admittance.
The circuit does not reflect the DOB’s capability to compensate parameter variations of the
plant. For frequencies below the cutoff frequency of the low-pass filter (|Q| ≊ 1), in theory,
the DOB can fully compensate the load admittance. For instance, Mehling et al. choose a
cutoff frequency of 250 Hz.

Ys

YmYctr

Ym

YmYctr
1 Fd

Yl(1 − Q)
YmYctr

SEA

Fo

Figure 4.19: The equivalent circuit of the complete force control scheme including the DOB. Adapted
from [Schütz 16b].

Modeling of the Impedance Control As the impedance analogy provides the basis for
the circuit model, the modeling of the impedance control is somehow natural to the
representation. The core objective of the impedance control is the reshaping of the SEA’s
output impedance when tracking a position trajectory. According to Calanca et al., the
impedance control is described by

Fd = Zimp(ẋd − ẋl) (4.63)

Zimp = bimp + kimp

s
, (4.64)

where Zimp is the desired virtual output impedance that is composed of the virtual stiffness
kimp and the virtual damping bimp [Calanca 15]. xd is the equilibrium position of the virtual
elasticity. In the case of a linear SEA, it resembles the actuator’s length that is given by

ẋl = YlFo. (4.65)

Replacing Fd in Equation (4.62) with Equation (4.63) gives

Y = ẋd

Fo

= Yl + 1
Zimp

+ Yres (4.66)

Yres = 1
YctrZimp

+ Ys

YmYctrZimp

+ Yl(1 − Q)
YmYctrZimp

. (4.67)
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The circuit representation of the TF is shown in Figure 4.20. The circuit clarifies that the
impedance control shapes the output admittance of the SEA to

Yo = 1
Zimp

+ Yres. (4.68)

The residual admittance Yres can be minimized by high control gains (Yctr,Zimp) and a
high drivetrain admittance Ym. The latter again supports the importance of high drivetrain
backdrivability when designing a SEA. Again, low compliance (a stiff spring) supports the
closed-loop performance. Below the cutoff frequency of Q, the DOB compensates the
contribution of the load admittance Yl to Yres. Thus, the control can render the desired
output impedance Zimp even under varying loads. The experimental results from Mehling
et al. confirm this observation by demonstrating how a DOB improves the impedance
rendering of Valkyrie’s hip SEA. [Mehling 15].

1
Zimp

Yres ẋd Yl

SEA

Fo

Figure 4.20: The equivalent circuit representing the complete closed-loop control structure. Adapted
from [Schütz 16b].

Overall, the analysis supports that the nested force control is the main determinant for the
performance of the impedance control. Notably, the virtual impedance Zimp determines
the performance of the position tracking rendered by the impedance controlled. Thus, the
lower the desired impedance is, the more significant is the disturbance that is introduced
by the load and thereby the deviation from the desired position.

As stated by Calanca, the effect of backdrivability in force control has to be investigated
more thoroughly [Calanca 15]. With the electric SEA model, it is possible to show that
a backdrivable drivetrain has a positive effect on the closed-loop performance of SEAs.
Therefore, the presented analysis is a first contribution to clarify the role of backdrivability.

Generalization of the Electric Model

As the above-introduced modeling describes the dynamics of a linear SEA with proximal
spring placement, the following presents the generalization of the model to other SEA
designs – more specifically rotational SEAs with arbitrary spring placement.

Transmission Modeling Stationary gears, such as BSs or spur gears, are described by a
single gear ratio. Neglecting the friction losses, a stationary gear can be represented by an
ideal transformer in the electrical domain, see Figure 4.21a.

Most of the rotational SEA designs deploy epicyclical gearings. The difference to stationary
gearing is the three elements with coaxial axes of rotation. The example of a single-stage
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θ̇m

Zrm

−+τem

1 : N

{θ̇2, ẋ2}
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Figure 4.21: Electrical circuits representing (a) stationary gearings and (b) epicyclic gearing.
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Figure 4.22: Schematic illustration of a PG with the carrier being coupled to the stator of the
BLDC. The double arrows indicate the torques that are acting on the three rotating elements.
From [Schütz 16c].

PG is used to clarify the difference. Its structure is shown schematically in Figure 4.22. It is
composed of one or more planet gears that are connected to the carrier. The planets are
rotating around the central sun gear and are interacting with the annulus at the outside.
The sun, the carrier, and the annulus have coaxial axes of rotation. They are coupled
through two gear ratios

τc = (N + 1)τs (4.69)
τa = Nτs, (4.70)

where τs, τc, and τa are the torques acting on the sun, the carrier, and the annulus respec-
tively.

Epicyclic gears and the motor can be integrated in different ways. Mostly, the rotor of
the EM motor is connected to the sun gear to achieve the speed reduction (and torque
amplification) required for most robotic applications. The stator of the motor can either be
coupled to the annulus or the carrier. The latter case is depicted in Figure 4.22. Integrating
the stator into the carrier introduces additional coupling forces. When producing a torque
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on the rotor, the stator has to produce the respective counter torque. Thus, the EM torque
τem produced by the motor is acting on both shafts. Moreover, the friction forces produced
by the rotor’s bearings are also acting on the two shafts. Considering the drivetrain as a
two-port system and neglecting the internal gearbox dynamics, the system can be described
by

τs = τem − Jmθ̈m (4.71)

τoc = Nτem − (N + 1)Jrθ̈m − Jcθ̈c (4.72)

τoa = Nτem − NJrθ̈m − Jaθ̈a, (4.73)

where τoc and τoa are the output torques at the carrier and the annulus, τem is the EM
torque of the motor, and θ̈c, Jc, θ̈a, Ja, θ̈m, Jr are the angular accelerations and inertias of
the carrier, the annulus, and the rotor respectively.
Equations (4.69) to (4.70) show that the difference in gear ratios from sun to annulus/carrier
are compensated by the rotor-stator coupling. Consequently, τem is propagating to both
outputs equally by

τoc − τoa = −Jrθ̈m − Jcθ̈c + Jaθ̈a. (4.74)

Only the inertial force of the rotor inertia is causing a difference in the output torques. The
reflected rotor inertia propagated to the carrier is bigger than the one at the annulus. To
represent this in the electrical domain, an additional transformer has to be introduced, see
Figure 4.21a. The rotor inertia acts on the carrier output with a ratio of 1 : 1.
Due to the same relations, the EM torque is propagated to both outputs with a ratio of
N + 1 when the stator is integrated into the annulus. Furthermore, as the majority of
the rotational SEA designs use a HD gear rather than a PG, it should be noted that the
same relations hold; the corresponding three coaxial elements of a HD gear are the wave
generator, the flexspline, and the circular spline. Still, the relations introduced above are
equally valid.

Generalized Electrical Model Figure 4.23a shows an electric circuit that reflects the dy-
namics of a SEA with stationary gearing. Compared to Figure 4.12, the motor is modeled
in the rotational domain and coupled to the linear domain through an ideal transformer.
Additionally, the circuit includes a second elasticity Zsd located at the distal output. Notably,
the model does not include the output masses Zod and Zop.
In the context of rotational SEAs, epicyclic gearboxes are mostly considered a two-shaft
gearbox – one input and one output shaft. This notion stems from the underlying one-
port assumption. It shows a gear ratio of N or N + 1 depending on the configuration –
sun-annulus or sun-carrier respectively. In applications where the SEA acts like a two-port
system, the epicyclic gears must be considered a three-shaft gearbox. In the literature, this
led to controversial conclusions. The fact, that the EM coupling between rotor and stator
leads to the same gear ratio for annulus and carrier – either N or N + 1 depending on
the motor-gearbox configuration – has been neglected. Thereby, the effect of the elastic
element has been misinterpreted.
The circuit model shown in Figure 4.23b illustrates the dynamics of a rotational SEA. In
this example, the stator connects to the carrier. Thus, τem is transmitted to both outputs
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Figure 4.23: Circuit models of a SEA with (a) stationary gears and (b) epicyclic gears in carrier
configuration. From [Schütz 16c].

with a ratio of 1 : N and the inertial force of the rotor is acting on the proximal output
of the drivetrain. Accordingly, the sprung mass Zc is located at the proximal side of the
drivetrain. Furthermore, the model includes a proximal and a distal elasticity.

The electrical model can be adapted to reflect the dynamics of a wide range of SEA
implementations by extrapolating from the exemplary circuits. Without illustrating it in
detail, it can be easily adapted to model a rotational SEA with epicyclic gearing in annulus
configuration. Also, it allows for the modeling of SEA designs that place the elasticity
within the drivetrain. An elasticity between the motor and the gear resembles a parallel
branch in the rotational domain; an elasticity between two gear stages equals a parallel
branch between transformers. Semiconductor elements like diodes can represent nonlinear
effects like static friction.

This underlines the flexibility and intuitiveness of the electrical model. It offers a way to
represent a wide variety of SEAs while giving an intuitive feeling for the behavior of the
system – a demand explicitly formulated by Orekhov et al. [Orekhov 15].

4.1.5 Actuator Design

The following section is partially based on the content published in [Schütz 16a].

Driven by the analysis of the SEA literature and the insights gained from the comprehensive
modeling, the following illustrates the design of the RRLab SEAs. The actuator consists of
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two subsystems – the drivetrain and the spring system. Similar to the four subsystems that
compose the leg, an independent design of the two actuator subsystems is not possible.
Being two mechanical systems that have to be tightly integrated, they also underlie design
dependencies.
The drivetrain’s properties are crucial for the SEA’s as well as the overall system’s behavior.
Using COTS BLDC motors and gears, a combination has to be found that is close to the
desired properties. The available COTS components lead to a discretization of the solution
space. The design decision for a drivetrain with a single-stage transmission and a driven ball
nut requires a hollow shaft BLDC motor. Although COTS hollow shaft drives are available,
to obtain a compact design, only frameless motor kits are considered in the following.
Therefore, first, a design approach for the drivetrain is proposed that unites the various
constraints. Afterward, the two developed implementations are presented. The develop-
ment of the RRLab SEA 70 targets the more proximal joints – e.g., hip and knee – while
the scaled RRLab SEA 50 targets the most distal joint, the ankle.

4.1.5.1 Design Metric for Drivetrain Design

For EM motors, Seok et al identify two significant performance indicators [Seok 12]. The
mass specific torque is defined as

ρτ = τcont

mm

, (4.75)

where mm is the motor mass. Although this deviates from the common understanding of
density (mass per volume), Seok et al. term it torque density. The second is the acceleration
capability which corresponds to the maximum acceleration defined as

αmax = τcont

Jr

. (4.76)

Further on, Seok et al. identify the gap radius rg of a motor – the distance from the axis of
rotation to the center of the air gap between rotor and stator – to be a significant indicator
for the motor characteristics [Seok 12]. They hypothesize a set of motor specifications as a
function of rg as

mm ∝ rg (4.77)
τcont ∝ r2

g (4.78)

Jr ∝ r3
g (4.79)

η ∝ r3
g , (4.80)

where η is the torque production efficiency. The axial motor length is hypothesized to have
a linear relationship to the design parameters as it equals adding a portion of the same
motor.
From those fundamental relations, they derive the influence on the two performance
indicators for EM motors as

ρτ ≈ rg (4.81)

αmax ≈ 1
rg

. (4.82)
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The RoboDrive (RD)2 series of frameless servo kits from TQ-Systems is analyzed to verify
the postulated relations. The curves shown in Figure 4.24 can be fitted to the relevant
numbers that are provided by the datasheet. The results of the fit give:
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Figure 4.24: Influence of gap radius rg on motor weight mm, torque τem, rotor inertia Jm, and
efficiency η found in Robodrive frameless servo kits. From [Schütz 16a].

mm ∝ r2.2
g (4.83)

τem ∝ r2.7
g (4.84)

Jr ∝ r4.7
g (4.85)

η ∝ r4.7
g . (4.86)

Therefore, the performance indicators become

ρτ ≈ r0.5
g (4.87)

αmax ≈ 1
r2

g

. (4.88)

In case of the RD servo kits, the theoretical analysis of Seok et al. overestimates both
– the influence of the gap radius on the torque density and the acceleration capability.
Nevertheless, although being less significant than predicted, a bigger gap radius still has a
positive impact on the motor performance. Analyzing the RD servo motors of the same gap
radius but with different lengths confirm the linear relation of the axial motor length on
the motor characteristics.

2http://www.robodrive.com/

http://www.robodrive.com/
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For a combination of an EM motor and a BS, the overall drivetrain is described by

Fcont = Nτcont (4.89)
Zm = mJs + bm = N2(Jrs + βm). (4.90)

Thus, the relation between the continuous EM force Fcont and the continuous EM torque
τcont is linear, while the reflected rotor impedance Zm is proportional to N2. Consequently,
the acceleration capability (Equation (4.76)) of the motor-gear combination is altered by the
transmission. Therefore, in this work the reflected acceleration capability αmaxr is proposed
as

αmaxr = Fcont

Zm

= τcont

NJr

. (4.91)

Hence, when choosing a motor-gear combination for dynamic locomotion, the reflected
acceleration capability is a stronger indicator for a drivetrain’s aptness. Moreover, to
decrease the reflected drivetrain impedance Zm and thereby increase the drivetrain’s
backdrivability, it is favorable to decrease the gear ratio N instead of the rotor inertia Jm.

Against this background, the linear relation between the motor length and all motor
parameters has a positive influence on the reflected rotor impedance. As an example,
doubling the motor length allows to maintain the same linear output force Fcont and half
the gear ratio. Thereby, Zm is reduced by a factor of four and αmaxr doubled:

Zm = (N

2 )2(Jrs + βm) (4.92)

αmaxr = 2τcont

N
2 2Jr

= 2τcont

NJr

. (4.93)

Notably, ρτ stays constant while the absolute motor mass is doubled. The weight increase
has to be balanced against the reduction of the drivetrain impedance.

Therefore, a metric that facilitates the finding of a suitable motor-gear combination is
desirable. It should allow choosing among the available COTS BLDC motors and indicate
the required gear ratio. Naturally, a metric for the design of a robotic actuator is not
one dimensional and thus cannot be reduced to the dynamic properties of the drivetrain.
Especially for a robotic leg, a compact integration is crucial. Thus, the metric has to reflect
the dynamic properties of the drivetrain, while also taking the dimensional properties into
account, e.g., volume and weight.

An approach to narrow down the possible combinations is presented in the following.
It is illustrated using the example of a linear SEA but is also applicable to a rotational
actuator. For most applications, it is possible to determine two fundamental requirements
beforehand – the required continuous force and the required linear speed. From the motor,
the metric requires knowledge of the continuous torque τcont, the no-load rotational speed
ωmax, and the rotor inertia Jm. The necessary gear ratio for each motor can be calculated
based on its continuous torque and the required application force. The linear no-load
velocity and the reflected rotor inertia can easily be obtained using this gear ratio. In case
of a BS, the pitch of the screw defines the gear ratio. At this point, motors that are not able
to meet the speed requirement can be disqualified.
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The following cost function is proposed to choose among the suitable motors:

c(vl, mJ , mm, Vm) = wv(1 − vl) + wimJ + wmmm + wV Vm, (4.94)

where vl is the maximum linear speed, mJ the reflected rotor mass, mm the motor mass,
Vm the motor volume, and wv, wi, wm, wV the respective weighting factors. For better
comparability, the different quantities are normalized to the respective maximum value. As
the volume also scales with the square of the radius but linearly with the length, it pushes
the solution towards slimmer and longer motors.

The weights are application specific and have to be chosen by the designer. The finding of
the appropriate weights is an iterative process as the solution resulting from the first set of
parameters might not be ideal. Nevertheless, it allows for a structured approach to the
drivetrain design as it unites dynamic and dimensional properties.

Drivetrain Design

Because of their relatively low rotational speeds and high torque density, the RD series from
TQ-Systems seems to provide a suitable basis for the development of the envisaged actuator.
The RD series has been developed for high-performance robotic applications at the DLR.
High torque density with respect to weight and volume is a key feature of the technology.
All RD motors are available with different electrical winding configurations – star-serial,
star-parallel, delta-serial, and delta-parallel. The parallel/serial nomenclature denominates
the set-up of the winding heads of the same phase. As all electrical connections of the
winding heads are taken out separately of the stator, a PCB to which the connections are
soldered establishes the winding configuration. For instance, winding heads that belong to
the same phase can either be connected serially or parallel. Thus, by changing the PCB,
the configuration can be altered and thereby offers additional flexibility to adapt the motor
to the application.

The standard configuration that results in the properties given in the datasheet is star-serial.
Without going into detail regarding the differences between the winding configurations,
the star-serial configuration provides the best compromise between no-load speed and
high torques at moderate phase currents. For instance, the star-parallel arrangement
approximately quarters the phase resistances and inductances. Therefore, for the same
supply voltage, the no-load rotational speed is doubled. On the downside, double the
current is needed to establish the same torque compared to the star-serial setup. Thus, the
motor amplifier can become a bottleneck as it has to deliver the high currents. Further on,
the reduced inductance results in higher inrush currents that increase the losses in both,
the motor and the amplifier.

Thus, for the following considerations, the star-serial characteristics of the RD drives are
assumed. Additionally, some adequate frameless kits of the HT and Megaflux from Allied
Motion (AM) are also incorporated. For comparison, three Maxon motors are added – similar
to those used in other non-hollow shaft SEA designs [Paine 14a, Knabe 14].

Proximal SEA Based on the B4LC joint data, the requirements for the drivetrain of the
proximal SEA are defined as:

• Fcont = 1000 N.
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• vmin = 250 mm/s.

They are derived from the characteristics of comparable passively cooled implementa-
tions [Paine 14a, Knabe 14]. Notably, the crank mechanism through which the linear
actuator is coupled to the joint defines the final joint torques and velocities. Hence, only
the relation between the two values is significant as this stays unaltered by the subsequent
crank mechanisms.
Following the metric introduced above, Figure 4.25 illustrates the required BS pitch, the
resulting linear velocity, and the reflected inertia. The horizontal red line in the velocity
plot indicates the required speed of 250 mm/s. The further considerations do not consider
the motors that do not meet the requirements. Notably, the plot of the reflected inertia
illustrates the positive influence of the motor length postulated above – among the motors
with equal gap radius, the reflected inertia decreases with the motor length.
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Figure 4.25: Required BS pitch for a continuous force of 1000 N, the resulting linear speed, and the
reflected inertia of the considered motors for the proximal SEA.

Tho choose among the motors that meet the force/speed requirements, the defined weights
are:

wv = 0.5
wi = 1.0
wm = 1.0
wV = 1.0
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The lower weighting of the velocity is reasoned by the possibility to increase the actuator’s
speed through the operating voltage [Paine 14a] and the winding configuration. Figure 4.26
shows the result of the evaluation using those weights. As the horizontal red line indicates,
the RD 70x18 is the most suitable choice. If a higher linear speed is desired while a higher
weight and volume are acceptable, the RD 85 motors would also be suitable solutions.
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Figure 4.26: Evaluation of the motors capable to meet the force/speed requirements of the proximal
SEA according to the defined cost function.

Choosing the RD 70x18, the required pitch of the BS is 7.854 mm. Therefore, a BS with
a pitch of 8 mm from Eichenberger Gewinde AG3 is chosen. Compared to other designs,
although deploying two gear stages, the 8 mm pitch is high. According to information of the
manufacturer, this leads to an efficiency of 97 % in both directions – torque-to-force and
force-to-torque. For comparison, the efficiency of a 2 mm BS provided by the manufacturer
is 90 % torque-to-force and 89 % force-to-torque. Thus, the high pitch significantly increases
the efficiency of the drivetrain and mitigates the phenomena of the directional efficiency
of transmissions [Wang 15, Seok 12]. Especially the latter increases the potential for the
regeneration of electrical energy. Ajar to the motor choice, the proximal SEA is referred to
as RRLab SEA 70 in the following.

Distal SEA From the relative joint torque/power requirements between the knee/hip and
the ankle given in Table 2.1 and because two – one mono and one biarticular – SEAs are
acting on the ankle, the requirements for the distal SEA are adapted to:

• Continuous linear force Fcont of 400 N.

• Minimal linear velocity vmin of 250 mm/s.

The ankle requirements emerging from B4LC are characterized by high-speeds rather than
high torques. This results in the plots shown in Figure 4.27.

3www.gewinde.ch

www.gewinde.ch
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Figure 4.27: Required BS pitch for a continuous force of 400 N, the resulting linear speed, and the
reflected inertia of the considered motors for the distal SEA.

The weights used for the cost function are:

wv = 0.5
wi = 1.5
wm = 2.0
wV = 1.5

Compared to the proximal SEA, the weights for the inertia, the mass, and the volume
are adjusted. Both, the weighting of the inertia wi and the volume wV , are increased
equally to reduce the actuator volume without increasing its inertia. Only increasing the
wV would push the choice to smaller gap radii that result in higher reflected inertias. Most
importantly, the weighting of the motor mass is increased more than the other two as the
weight of the distal actuators should be kept low to obtain favorable leg dynamics.

The result of the metric for the distal SEA is shown in Figure 4.28. Indicated by the
horizontal line, the RD 50x14 with a BS pitch of 7.226 mm is the most apt solution. The
closest COTS BS available is again the 8 mm BS from Eichenberger Gewinde AG. Similar to
the RRLab SEA 70, the distal actuator is referred to as RRLab SEA 50 in the following.



4.1. Physical Actuator 113

RD
38
x1
2

RD
50
x0
8

RD
50
x1
4

RD
70
x1
0

RD
70
x1
8

RD
85
x0
4

RD
85
x1
3

RD
85
x2
3

RD
85
x2
6

RD
11
5x
25

RD
11
5x
50

M
X
39
38
79

M
X
30
50
15

M
X
39
38
79

AM
H
T0
30
02

AM
M
F0
07
60
32

0

0.2

0.4

0.6

0.8

1

Figure 4.28: Evaluation of the motors capable to meet the force/speed requirements of the distal
SEA according to the defined cost function.

4.1.5.2 RRLab SEA 70

Based on the requirements and the choice of drivetrain components elaborated above, the
following presents the mechanical design of the RRLab SEA 70. Figure 4.29 shows the
CAD model and a cross-section of the actuator. Except for the rotor, all custom parts are
manufactured using 7075 aluminum. Because of the high torque and force loads, the rotor
is made from 1.7225 steel (42CrMo4).

The design of all load bearing parts was optimized using finite element analysis (FEA) to
keep the weight and the thermal capacities low. Still, a considerable safety margin was kept
to avoid mechanical failure of the actuator. Thus, there is room for weight improvements
in further design iterations.

Drivetrain

The cross section in Figure 4.30b shows the implementation of the drivetrain. Two bearings
– an angular contact ball bearing as a locating bearing and a thin section bearing as
a floating bearing – support the rotor. For a tightly integrated design, the ball nut –
Eichenberger FGR – is directly screwed in the rotor. To properly align the axis of rotation –
of the rotor and the BS – and thereby minimize the nutation of the BS, the outer surface of
the ball nut is ground to be coaxial to the screw axis. The outer cylinder of the ball nut
and the respective insert in the rotor are manufactured to produce a sliding clearance fit.
Additionally, the BS is guided in thin-walled precision steel pipe by a plain bearing. The
sensor target needed to capture the rotor rotation is inserted into the rotor by a transition
fit and glued. The PCB that connects the pole windings is located outside of the motor
housing at the actuator’s distal end.

The motor housing features a number if thin-walled cooling fins to improve the dissipation
of heat. Notably, this design allows for the extension to liquid cooling. Shrinking another
pipe onto the housing and milling some channels into fins, a cooling liquid can flow along
the resulting channels. The water cooling in conjunction with the aluminum stator housing
increases the power/torque density of the RRLab SEA significantly.
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Spring System

A cylindric cage at the proximal end of the actuator contains the spring system. It consists
of six standard die springs that are pre-compressed in two sets of three die springs. As
illustrated, springs with different lengths and stiffnesses can be used by adding POM
spacers. Linear ball bearings guide the spring deflection. In contrast to other designs, the
springs enclose the linear guides/bearings [Paine 14b].

For minimal damping, the tensions within the spring assembly must be kept low. Therefore,
all parts are designed to allow for the manufacturing of the critical interface fits by lathing
without changing the clamping. This approach leads to minimal assembly tolerances across
the relevant parts. Consequently, rubber bushings, as deployed in the UT-SEA, are not
needed [Paine 14a].

Additionally, plain bearing washers are located at one end of each spring to further minimize
the tensions within the springs during compression and thus minimize the nonlinear friction
effects. Thereby, the springs can twist during compression – a relative motion observable
during operation. Quantification of the effect is subject to further investigation. However,
from the observed relative motion, it can be derived that the additional DoF of the springs
increases the aptness of the spring system for its use as a force sensor. The tensions within
the spring system that result from the spring compression are reduced.

The proximal output of the RRLab SEA is a central pipe in the middle of the actuator –
colored yellow in Figure 4.29. The attachment pipe encloses the thin-walled steel pipe
that guides the screw. The relative motion between the two pipes is enabled by a custom
plain bearing that is glued to the thin-walled steel pipe. As this output structure of the
actuator resembles the natural muscle, it supports a modular integration in a robotic leg.
In particular, the implementation of biarticular actuators is facilitated compared to other
designs [Paine 14a, Knabe 14].
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Figure 4.29: The RRLab SEA 70– (a) the CAD model, (b) the according cross section, and (c) an
image of the assembled actuator.
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4.1.5.3 RRLab SEA 50

The design of the RRLab SEA 50 is a scaled version of the RRLab SEA 70. Figure 4.30 shows
the CAD model of the actuator. Again, most of the custom parts are manufactured from
7075 aluminum. In contrast to the RRLab SEA 70, the lower motor torque and the reduced
linear forces allow for the rotor of the RRLab SEA 50 to be also made of aluminum.

Drivetrain

As the design metric suggested the use of the RD 50x14 with the same BS pitch as the bigger
version, the relative dimensions allowed for a scaling of the 70x18 drivetrain. Analogous
to the RRLab SEA 70, the same bearing configuration supports the rotor, the ball nut is
screwed in the rotor, and the screw is guided in a thin-walled precision steel pipe. Instead
of locating the PCB that connects the windings outside of the housing, it is located inside
oriented towards the actuator’s proximal end. The cables of the three phases are lead out
on the side of the motor housing.

Spring System

The implementation of the spring system differs more from the RRLab SEA 70. Due to
the smaller motor diameter and the smaller forces, the spring system is composed of only
two precompressed die springs. The springs enclose the two tubes – the screw guide and
the proximal attachment pipe that poses the actuator output. POM adapters are used to
compensate for length differences of various springs.

In this version, the three rods for the linear guiding of the springs system are arranged
around the springs. Instead of linear ball bearings, PTFE-based metal-polymer composite
plain bearings are used. Although this results in an increased friction, their small dimensions
allow for a compact design. Again, two plain washer bearings are located at one end of
each spring to decouple the spring rotation during compression. Besides the mentioned
differences, the implementation is similar to the RRLab SEA 70.

More details of the actuator implementations are given in Appendix D.
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Figure 4.30: The RRLab SEA 50– (a) the CAD model, (b) the according cross section, and (c) an
image of the complete actuator.
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4.1.5.4 Sensory Setup

The sensory setup integrated into the actuators consists of two magnetic absolute position
encoders and a temperature sensor. The two position sensors are used to capture the rotor
rotation and the spring deflection. Both sensors are based on the iC-MU 4 from iC-Haus.
The iC-MU integrates two hall sensors that allow for a two-track nonius absolute value
calculation. Depending on the deployed number of pole pairs of the magnetic target, the
absolute position can be determined with a resolution between 18 bit to 20 bit.
Various rotary (axial and radial) and linear magnetic targets are available for the iC-MU.
The design of the rotary targets is suitable for the use of a hollow shaft encoder. Regarding
its electrical interface, the iC-MU supports several serial protocols (SPI,SSI,BiSS) and other
outputs such as an emulated incremental encoder output.

Figure 4.31a shows the PCB designed to capture the rotation of the rotor. The PCB features
an opening in the middle to allow the BS to be fed through. The combination with an
axial rotary target (MU2S) with thirty-two pole pairs results in a resolution of 19 bit. The
resulting theoretical angular resolution is 1.198 × 10−5 rad/bit. The maximum rotational
speed is 2.513 × 103 rad/s (24 000 rpm).
Figure 4.31b shows the PCB developed for the measurement of the spring deflection. It is
split into two parts – the head and the tail – and thereby allows for the measurement of
orthogonal and parallel motions with respect to the PCB. In the RRLab SEAs, the PCB is
used in the parallel arrangement in combination with a shortened linear MU2L target. With
an absolute measurement range of 81.92 mm and the thirty-two pole pairs of the target,
the theoretical resolution is 0.156 µm/bit with a maximum linear speed of 16 m/s. Together
with the stiffness of the incorporated springs, the linear resolution determines the force
resolution.

To provide an example of the achievable force resolution, the softest deployable COTS
springs available for the RRLab SEA 70 result in a stiffness of 162 kN/m. Therefore, the
theoretical force resolution is 0.0253 N/bit. In the physical system, this resolution is far
below the lower limits set by parasitic effects of the spring system – e.g., stiction. Both

4http://www.ichaus.de/iC-MU

(a) (b)

Figure 4.31: Top and bottom view of the two iC-MU-based sensor PCBs developed to measure (a)
the rotor movement and (b) the spring deflection.

http://www.ichaus.de/iC-MU
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calculated resolutions are of a theoretical nature. In practice, the effective resolution
depends on the sensor noise and the applied filtering. The iC-MU features seven internal
filter with different noise suppression and latency – refer to the iC-MU manual5 for further
details.

For robustness against EMI, all signals to and from the sensor PCBs are differentially driven
using RS-485 transceivers. The increased robustness enables high bus frequencies of the
serial protocols.

A Pt1000 temperature sensor is integrated into the stator to monitor the winding tempera-
ture. Its location between two winding heads reduces the material between the winding
and the sensor, and thus the thermal capacities and the associated difference between the
actual winding and the sensor temperature. Still, overloading the motor without thermal
damage requires a model of the thermal behavior. The embedded electronics have to
include an analog-to-digital converter (ADC) to obtain the temperature from the Pt1000.

4.1.6 Modeling of the Thermal Behavior

Besides the dynamic model, a thermal model of the RRLab SEAs is needed to exploit the
motor’s full potential. By applying more than the nominal current, the motor temperature
can increase above the tolerable level. The RD stators can continuously tolerate 125 ◦C.
For a short period, the temperature might rise to 145 ◦C without instant damage. However,
the overall lifetime of the stator decreases due to damage to the enclosing resin as it starts
to degas. Thus, the nominal current/torque values provided in the data-sheets originate
from the current/torque at which the temperature saturates at the tolerable continuous
temperature (125 ◦C). In case of frameless motor kits, such as the RD series, this is hard
to predict as the design of the enclosing mechanical housing significantly influences the
thermal properties, e.g., the material used or the design of the cooling fins.

Although in the RD drives, the thermal sensor is integrated into the stator and thus located
as close as possible to the winding heads, the enclosingmaterials, and their thermal capacity
introduce a dynamic relationship between the winding temperature and the temperature
of the Pt1000. If the continuous current/force is exceeded, the winding temperature might
rise above the maximum temperature before the temperature rise can be observed at the
sensor.

Thus, to use the full potential of EM motors, some approaches to the thermal modeling
can be found in the literature. Stemme and Wolf introduce a simplified model for the heat
transfer over time in a DC motor which is fully applicable to a BLDC motor [Stemme 94].
In a BLDC motor, the power losses are composed of speed-dependent iron losses, friction
losses, and Joule losses. For rotational speeds smaller than 5000 rpm, both, the iron and the
friction losses, can be neglected, and the Joule’s losses are dominant. They are determined
by the relation

PJ = I2RW , (4.95)

where I is the winding current and RW the electrical winding resistance. Notably, RW

changes with the winding temperature.

5http://www.ichaus.de/upload/pdf/MU_datasheet_D1en.pdf, p.38, accessed 17.01.2018

http://www.ichaus.de/upload/pdf/MU_datasheet_D1en.pdf
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Electrical - Thermal

Voltage e - T Temperature
Current i - P Heat Flow
Capacity C - Ct Heat Capacity
Resistance R - Rt Thermal Resistance

Table 4.6: Analogy between the electrical and the thermal domain. Derived from [Stemme 94]

Again, the analogy to the electrical domain is used for the analysis of the actuator’s thermal
dynamics, see Table 4.6. To avoid confusion between the electrical and the thermal domain,
all thermal capacities and resistances are marked with a superscript t (e.g., Ct

W for the
thermal capacity of the windings).
The transfer of the heat dissipated in the rotor windings to the ambiance is described as a
second-order system. Figure 4.32 illustrates the respective circuit, where TW corresponds
to the winding temperature, TSt to the stator temperature, Ct

W to the thermal capacity of
winding, Ct

St to the thermal capacity of the stator, Rt
W −St to the thermal resistance between

winding and stator, Rt
St−A to the thermal resistance between stator and ambiance, and the

voltage source to the constant ambient temperature TA.

PJ

TW

Ct
W

Rt
W −St TSt

Ct
St

Rt
St−A

−+TA

Figure 4.32: Thermal model of a BLDC motor that reflects the heat flow from the rotor to the
ambiance. The thermal capacities of the stator and its housing are lumped in Ct

St.

This model has been adopted or extended by others. For instance, Urata et al. as well
as Paine and Sentis adopted it to estimate the core temperature of an EM motor based
on a sensor that is attached to the motor housing [Urata 08, Paine 15b]. Urukalo and
Blazevic increased the granularity of the model by distinguishing between the stator and
the shell/housing [Urukalo 11].
In case of the RD frameless kits, the sensor is integrated into the stator. As indicated in
Figure 4.33, it is embedded in the resin of the stator between two winding heads.
Hence, this close proximity of the sensor allows for the reduction of the thermal dynamics
to a first order system. Figure 4.34 shows the respective circuit.
A thermal resistance Rt

W −S is assumed between the winding and the sensor. The thermal
capacity Ct

S resembles the thermal capacity of the resin between the winding heads and
the sensor. Applying Kirchhoff’s current law at the node TW gives

PJ(t) = Ct
W Ṫ W (t) + TW (t) − TS(t)

Rt
W −St

, (4.96)

which can be rearranged to

Ṫ W (t) = − 1
Ct

W Rt
W −S

TW (t) + 1
Ct

W Rt
W −S

TS(t) + 1
Ct

W

PJ(t). (4.97)
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Sensor positionWinding Heads

Figure 4.33: Indication of the position of the thermal sensor integrated in the RD stator. It is
embedded in the resin between two winding heads.
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Ct
W

Rt
W −S TS

Ct
S

Figure 4.34: Thermal model of BLDC motor illustrating the heat flow from the rotor to the ambiance.
The stator and the enclosing housing are lumped in CSt.

As, in the final implementation, all data is sampled discretely, TW can be estimated using
the differential quotient as

TW (k) − TW (k − 1)
ts

= − 1
Ct

W Rt
W −St

TW (k) + 1
Ct

W Rt
W −St

TS(k) + 1
Ct

W

PJ(k), (4.98)

where ts is the sampling time of the ADC and k the number of the sample. Resolving this
for TW and substituting PJ with Equation (4.95) gives

TW (k) = TS(k)ts + Ct
W Rt

W −STW (k − 1) + tsR
t
W −SRW I 2̄(k)

ts + Ct
W Rt

W −S

, (4.99)

where Ī is the average current over the last sampling period. RW is assumed to be constant.
To improve the accuracy of the model, additionally, the change of the winding resistance
RW with the winding temperature TW could be considered. The respective resistance-
temperature dependency is

RW (TW (k), k) = RW 20 ◦C(1 − α(TW (k) − 20 ◦C))). (4.100)

If the thermal time constant is bigger than the sampling time ts, this model should be
sufficient to protect the motor from thermal damage. If this is not the case, an I2T model
can be used to estimate TW between the sensor samples. The underlying assumption of
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the I2T model is that no heat is dissipated to the environment – the heating process is
assumed to be adiabatic [Schon 10, pp.196]. Thus, only the thermal winding capacity Ct

W

of the circuit from Figure 4.34 is taking effect. The reduced system is described by

∆TW (k) = I(k)2RW ts

Ct
W

. (4.101)

However, an approximation of the heat dissipation can be included by

∆TW (k) = (I(k)2 − I2
cont)RW ts

Ct
W

, (4.102)

where Icont is the continuous current that can be applied to the motor. The exact value of
Icont can be either obtained from the datasheet or through experiments [Paine 15b]. The
I2T model can be reset to the sensor-based estimation of TW once a new temperature
sample is available. Thereby, the feed-forward estimation of the I2T model is merged with
the sensor-based estimation of the first-order approximation.

This approach to the thermal modeling enables the exploitation of the motor’s full potential
while minimizing the risk of thermal damage. The model should be deployed at the level
of the embedded electronics to keep the sample times of the sensor temperature and
the winding current low. Once the temperature reaches the thermal limit, a low-level
mechanism has to reduce the motor current to the continuous current Icont and thereby
prevent further heating of the winding.



4.2. Embedded System 123

4.2 Embedded System
This section introduces the embedded system that encapsulates the RRLab SEAs and
the sensory systems. Together, they implement the actuation unit that should act as a
force/impedance source towards the higher control layers. Although the RRLab SEAs have
been designed to feature natural dynamics that are geared towards the desired properties,
the interplay with the embedded closed-loop control establishes the desired behavior.
Hence, first the requirements and therefore the driving design factors are elaborated. Based
on those, the concept for the embedded system is derived, and the resulting implementation
is presented in detail.

4.2.1 Requirements
The following summarizes the requirements for the embedded system that result from
the three categories – high-level requirements, design dependencies, and domain-specific
requirements. The resulting requirement set provides the base for the concept and the
derived implementation.

4.2.1.1 High-level

Impact
Tolerance

Torque
Control

Transparency

Efficiency

Biarticular
Actuation

Kinematic
Layout

Range
of Motion

Weight
Distribution

Max Joint
Torque/Power

Sensory
Feedback

Foot
Structure

Figure 4.35: Requirement map for the embedded system.

Figure 4.35 illustrates that, in contrast to the physical actuator itself, the impact of the
embedded system on the overall system’s properties is not as comprehensive. As it is
supposed to execute the closed-loop force and impedance control of the RRLab SEA, its
design mainly impacts the performance of the actuation system. Although the RRLab
SEA features high backdrivability, the closed-loop control has to further increase the
transparency by adjusting zero force at its output if desired. Thus, the transparency is
partially generated by the force control.
The efficiency of the embedded system itself is crucial for the overall system’s efficiency. In
case of many embedded nodes, the energy consumption of the single node has to be kept
low. Therefore, the computational power and energy consumption has to be balanced.
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Besides the sensory information related to the RRLab SEAs, the embedded system has to
provide the sensory information of the joints and the foot to the superimposed control
system. Generally, from the perspective of the high-level control, the embedded system
should abstract the mechatronic system as far as possible.

4.2.1.2 Design Dependencies

As the embedded system together with the RRLab SEA form the actuation unit, the design
dependencies originating from the actuator significantly influence the design of the em-
bedded system. The other two subsystems – the foot and the leg structure – only pose
relatively loose design dependencies on the embedded electronics.

Actuator

The embedded system has to shape the dynamics of the RRLab SEAs through an appropriate
closed-loop control to establish the desired properties of the actuation unit. Therefore,
at the lowest level, the embedded nodes have to interface the BLDC motor. To drive the
motor, the embedded node has to handle the commutation of the EM field and the current
control. The RD motors can produce more than three times the nominal torque. Especially
in case of the RRLab SEA 70, depending on the winding configuration of the RD, the output
stage has to handle up to 50 A.
The enclosing cascades implement the closed-loop control of the force and the impedance.
For the force control, smaller sampling intervals of the digital control increase the stability
margins for the environmental stiffness and the feedback gains [Whitney 77]. Thus, the
performance of the actuation unit depends on the sampling rate of the control cascades.
Besides the actual sampling rate, a deterministic execution of the closed-loop control
is essential, as latency introduced by execution jitter can also cause instability. Shirai
et al. demonstrate the effect of control frequency and jitter on the closed-loop control
performance experimentally [Shirai 16]. Thus, there is a direct dependency between the
properties of the physical actuator, the embedded system’s performance, and the resulting
closed-loop performance and stability.
Further on, although the RRLab SEAs are designed to exhibit a low natural output impedance,
the closed-loop control extends the impact tolerance. At the first instant, an impact is purely
interacting with the natural dynamics of the RRLab SEA. However, within its bandwidth
limitations, the closed-loop control reacts to the impact and mitigates the forces. Thus, a
high sampling rate of the closed-loop control supports the impact behavior of the system
as it improves its responsiveness [Shirai 16].
In case of the RRLab SEA, the sensor handling includes the serial interfaces to the iC-MU-
based sensors and the AD conversion of the temperature signal. Especially the serial nature
of the interfaces can potentially cause a computational bottleneck.

Foot

The foot’s sensory system defines the dependency between the foot and the embedded
electronics. The high-level data – the state of the ground contact, the CoP position, and
its normal force – does not necessarily have to be extracted by the embedded system
as only higher-level control mechanisms use it. Thus, the raw data has to be extracted,
preprocessed, and provided for the high-level control.
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Leg Structure

Analogous to the foot, the electronics have to interface the joint sensors that are integrated
into the leg and provide the respective positions and velocities. Being the first prototype, a
neat and compact mechanical integration of the embedded nodes in the leg structure is
not a primary concern. To not interfere with the weight distribution of the leg, the weight
of the embedded nodes should not be kept low. Again, the interface and the computational
overhead of the sensory information pose the main dependency.

4.2.1.3 Domain-specific

The design dependencies together with the high-level requirements specify a set of
domain-specific requirements. The embedded system has to handle three main tasks –
the force/impedance rendering, the interfacing of the sensory systems, and the communication
with the high-level control layers. The three tasks are competing regarding the embedded
computational power. The demand for low power consumption aggravates the conflict
between the three concurrent tasks.

When developing the first iteration of a prototype, it is not possible to anticipate the exact
requirements and implementation details of the embedded electronics from the beginning.
Thus, the electronics should be designed in a way to provide a high degree of flexibility
and extensibility. Thereby, the system can be adapted to unanticipated requirements and
avoid a limitation of the overall performance.

Another aspect that tremendously impacts the handling of a complex mechatronic system is
the break in the development process between the different platforms – especially between
powerful PCs running an operating system (OS) and bare metal embedded computing nodes.
While, to a certain degree, this is natural due to the different levels of hardware abstraction,
a more unified approach to software development and debugging is desirable. B4LC is
implemented using the robotic framework Finroc6 which was initially developed at the
Robotics Research Lab (RRLab) [Reichardt 13b]. Therefore, the extension of Finroc to the
embedded nodes is desirable to achieve the following goals and thereby facilitate the
system development:

• Unify the software development approach between PCs and embedded nodes.
• A transparent integration of the embedded nodes into the high-level Finroc applica-
tions and tooling.

• Enable the reuse of software components in both domains.

In particular, the transparent integration of the embedded nodes into the tooling of the
high-level framework simplifies the implementation and debugging of the overall system.
Importantly, as they pose soft requirements, they should not interfere with the performance-
relevant sampling frequencies of the closed-loop control. Notably, the extension of a
full-featured framework to the embedded domain is also defined as a design goal for the
development of Robot Operating Software (ROS) 2.0 [Gerkey 17].

Consequently, two aspects drive the design of the communication protocol – the required
performance and a set of soft requirements. A high bandwidth communication with the

6http://www.finroc.org/

http://www.finroc.org/
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higher control layers should be envisaged to avoid a bottleneck [Luksch 10, p.53]. Therefore,
it has to be light-weight regarding the communication overhead and the computational load.
It should also guarantee a reliable data exchange. Furthermore, to provide the seamless
integration of the embedded nodes into Finroc, it should be tailored to the framework
communication. When developing a prototype, a dynamic bus initialization is advantageous.
It allows to remove, add, and change embedded nodes without any further configuration
of the bus system. The communication protocol should support any mixture of line and
star topologies to avoid constraints regarding the physical placement of the embedded
systems within the leg.

The electrical robustness and signal integrity of the embedded system has to be ensured.
Notably, the switching of high-currents to drive the BLDC motors can cause EMI issues
– especially in a tightly integrated system like a robotic leg. If not anticipated from the
beginning, EMI-caused instabilities of the electronics that are hard to mitigate at a later
stage and severely impact the system’s functionality. Thus, precautions in this regard should
be made to achieve a high-reliability of the overall system, even if it entails technical
overhead.

To summarize, Table 4.7 lists the requirements for the embedded nodes.

Requirements on the Embedded System Type

Abstract the mechatronic system HL
Interface the sensory systems HL
Force/Impedance rendering HL
Low energy consumption HL
Commutation and current control of the BLDC DD-A
High execution frequencies of the control cascades DD-A
Deterministic execution of the control cascades DD-A
Low physical weight DD-L
High degree of flexibility and extensibility DS
Extension of Finroc to the embedded nodes DS
Finroc-tailored communication DS
High bandwidth communication DS
Reliable data exchange DS
Dynamic bus initialization DS
Flexible bus topology DS
Electrical robustness and reliability DS
HL – High-Level, DD – Design Dependency, DS – Domain Specific
A – Actuator, L – Leg, F – Foot

Table 4.7: Summary of the requirements on the design of the physical actuator

4.2.2 Overview – Embedded Systems in Bipedal Robots

Here, a short overview of existing embedded solutions deployed in robotic walking ma-
chines is given. Although the embedded systems of most walking machines are custom
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developments, the respective literature does not provide in-depth information. Instead, it
only provides rough performance indicators. Thus, the following is meant to give a short
overview of the existing embedded solutions.

The embedded system of DLR’s TORO is based on the joints of the LWR [Ott 10,
Englsberger 14]. The system follows a decentralized approach in which position, impedance,
and torque control are executed at the joint level [Hirzinger 02]. The joint controllers are
running at a frequency of 3 kHz; the high-level control is implemented usingMatlab/Simulink
and executed with 1 kHz. The communication is handled by two Sercos-II buses – one for
each leg – that are running at a frequency of 1 kHz.
Similarly, the electronics of NASA’s Valkyrie are decentralized. The Turbodrivers – a combi-
nation of an microcontroller unit (MCU) and an FPGA – encapsulate the SEAs [Radford 15].
They handle the torque and impedance control at the joint level. The control loops run at a
rate of 5 kHz. The communication with the embedded nodes uses a custom data network
– Robonet. It is a high-speed, two-wire, multi-point data bus with a single master. The
embedded resources have to be made available via the APIBuilder tool that generates C++
and Python APIs for the Robonet nodes based on XML descriptions.

Each actuator of WALK-MAN integrates its dedicated embedded electronics that implement
a PID position control [Tsagarakis 17]. The embedded control loop runs at a frequency
of 1 kHz. The communication uses EtherCAT 7 with a maximum frequency of 2 kHz. The
EtherCAT master abstracts the embedded nodes for the higher-level control modules. The
high-level walking control is implemented using YARP [Metta 06] and running at 500 Hz.
Another recent implementation of a decentralized system that abstracts the joints and
therefore the SEAs as an impedance source are the embedded electronics deployed in
Virginia Tech’s compliant robots THOR and ESCHER [Knabe 15]. The nodes are based on an
ARM Cortex M4F MCU and a COTS analog servo drive from Advanced Motion Controls8. The
embedded control runs at a sampling frequency of 2 kHz [Hopkins 15]. The high-level con-
trol transmits the joint torque setpoints via a CAN bus at a frequency of 500 Hz [Ressler 14].
The implementation of the high-level control is heterogeneous – the hardware abstraction
uses the Bitfrost framework [Cranmer 17], the layers above are ROS-based.

Two examples for more centralized architectures are the electronics of the quadruped
StarlETH [Hutter 13] and BioBiped [Scholz 16]. In StarlETH, the current and velocity control
of the BLDC drives are handled byMaxon EPOS2 controllers at 10 kHz. A central PC executes
the SEA torque control and the high-level control – both running at 400 Hz. The central PC
communicates with each leg via a dedicated CAN bus. Hutter explicitly names the bit rate
of 1 Mbit/s to limit the overall loop cycle time [Hutter 13, p.41]. The high-level software is
implemented in different so-called servos that communicate via shared memory using the
SL framework [Schaal 09].

No control task is executed at the distributed MCUs of BioBiped. All control loops are
executed at the central computation unit. Thus, the MCUs are solely used to interface the
motors and sensors electronically. EtherCAT is used for the communication between the
central unit and the MCUs. Although EtherCAT can operate at a cycle frequency of up to
30 kHz, Scholz mentions the bus bandwidth and the computational power of the central unit

7http://www.ethercat.org/
8http://www.a-m-c.com/

http://www.ethercat.org/
http://www.a-m-c.com/
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Platform C/D EC fEC Bus fBus HLC fHLC

TORO D P/I/T 3 kHz Sercos-II 1 kHz Matlab 1 kHz
Valkyrie D I/T 5 kHz Robonet n.g. ROS < 3 kHz
WALK-MAN D P/T 1 kHz EtherCAT 500 Hz YARP 500 Hz
ESCHER D I/T 2 kHz CAN 500 Hz Bitfrost/ROS 500 Hz
StarlETH C V 1 kHz CAN 400 Hz SL 400 Hz
BioBiped C - - EtherCAT 1 kHz Orocos/ROS 1 kHz
C – Centralized, D – Decentralized, EC – Embedded Control, HLC – High-Level Control
P – Position Control, V – Velocity Control, I – Impedance Control, T – Torque Control

Table 4.8: Characteristics of the embedded system deployed in existing walking machines.

to be the limiting factors. In BioBiped3, the EtherCAT bus is running at 1 kHz [Sharbafi 16].
The high-level control is implemented using the Orocos Real-Time Toolkit [Bruyninckx 01]
executed with a frequency of 1 kHz, the graphical interfaces for control, configuration, and
monitoring have been implemented in Python. For non-time critical communication, the
ROS middleware is used.

Table 4.8 summarizes the characteristics of the control infrastructures of the introduced
walking machines. From a structural point of view, it can be distinguished between
centralized and decentralized control approaches [Paine 15a]. The table underlines that
the sampling rate of the actuator control is limited in centralized control approaches.
Furthermore, the bandwidth and the timing of the communication bus are becoming more
critical [Scholz 16, Hutter 13]. The advantages of decentralized systems come at the cost
of more sophisticated embedded nodes.

4.2.3 Concept

A valid conceptual approach for the design of the embedded system is required to resolve
the dilemma of the restricted computational resources. The embedded nodes have to
execute the three core tasks – the force/impedance rendering, the interfacing of the sensory
systems, and the communication with the high-level control layers – with a high frequency
and low jitter. The deployment of a full-featured robotic framework to the embedded
nodes and its associated computational overhead further conflicts with the latter. However,
especially in a decentralized system, in which a high degree of functionality is distributed
to the embedded nodes, the framework and its tooling facilitate the system handling
tremendously.

The parallelization and the decoupling of concurrent tasks is a potential solution to the
conflict between the competing tasks. Therefore, from a technological point of view, a
FPGA-based system poses a flexible solution to resolve this dilemma. It allows for the
deployment of various parallel computation units – either full-featured multi-purpose soft
processors or task-specific co-processors.

For the communication, an Ethernet-based solution (IEEE 802.3) seems most appropriate
for the physical and the data link layer of the OSI model. It can provide high bandwidths
of up to 1000 Mbit/s using standard hardware at the master side. If the embedded nodes
feature two Ethernet interfaces, any mixture between star and line topologies can be
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realized using frame forwarding and standard OSI layer two Ethernet switches. Therefore,
as the decentralized approach diminishes the requirements on the determinism of the
communication, the use of an Ethernet-based fieldbus system – e.g., EtherCAT or Ethernet
Powerlink9 – is not indicated.
The concepts developed for the FPGA-based embedded system and the Ethernet-based
communication protocol are depicted in detail in the following.

4.2.3.1 FPGA-based Embedded Nodes

Using an FPGA, parallelization and a consequent HW/SW codesign can mitigate the lack of
computational power. A further benefit of the parallelization is the reduced latency and
thus more deterministic timing. Implementing a lot of the functionality by dedicated IP
cores reduces the execution jitter significantly. In a multi-task scenario, the data throughput
and the degree of determinism surpass the one of a sequential MCU.
Furthermore, when developing a prototypic platform, the flexibility that comes with the use
of a FPGA is advantageous. It is always possible to adapt the system to a new requirement
by modifying the FPGA logic. With an MCU, this design-DoF is not available. Moreover,
developing dedicated embedded systems improves the ratio of power consumption to
computational throughput compared to either low-power MCUs (e.g. the ARM Cortex-M10

series) or high performance multi-core embedded processors (ARM Cortex-A11 series). Thus,
using an FPGA is a valid compromise with respect to the absolute power consumption.
The separation of the functionality into two main tasks – the application and the commu-
nication – suggests a design based on two soft processors. As illustrated in Figure 4.36,
the communication processor is interfacing the Ethernet medium access controls (MACs)
and handles incoming frames. If the frame is not addressed to the node, it is forwarded
through the second Ethernet port. Otherwise, the frame is processed by the stack of the
communication protocol. The application soft processor only implements the encapsulation
of the actuator – mainly the embedded closed-loop control – without any overhead caused
by the communication. Modern FPGAs feature embedded memory that is distributed within
their fabric. Those memory blocks can be instantiated as dual-port RAM (DPRAM) that
allows simultaneous read/write access by two masters. Therefore, this poses an apt solution
for a shared-memory based inter-processor communication.

FPGA

Communication
Processor

Dual-Port
RAM

Application
Processor

IP Cores
MAC

MAC

Ethernet

Figure 4.36: The conceptual approach for the FPGA system. Adapted from [Schütz 14].

The implementation should be guided by three design paradigms to achieve the desired
computational throughput. On the communication side, the handling of the Ethernet

9http://www.ethernet-powerlink.org/
10https://www.arm.com/products/processors/cortex-m/
11https://www.arm.com/products/processors/cortex-a/

http://www.ethernet-powerlink.org/
https://www.arm.com/products/processors/cortex-m/
https://www.arm.com/products/processors/cortex-a/
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packets must be efficient. Thereby, the performance of the overall communication bus is
improved – the delay between the high-level control and the embedded system as well as
the forwarding of irrelevant frames.

On the application side, the overhead caused by the handling of in- and outbound process
data must be kept minimal. Additionally, using the possibility for a HW/SW codesign, the
application CPU should be supported by a set of dedicated IP cores. As indicated by the
dashed arrows in Figure 4.36, all interfaces to external application specific integrated
circuits (ICs) – above all serial protocols – should be handled by dedicated co-processors.

4.2.3.2 Framework-integrated Embedded Protocol

For the implementation of the Ethernet-based communication, UDP/IP is chosen at the
OSI transport/data layer. Thereby, when using a standard OS at the master side, the
protocol can be built upon standard UDP sockets. The checksums included on both layers
ensure the integrity of the data. UDP is preferred over TCP as the latter causes additional
overhead. To guarantee reliable, ordered, and error-checked frame streams, TCP increases
the protocol logic and the bus load. If appropriately designed, package loss, fragmentation,
and reordering can be handled at a higher OSI layer causing less overhead.

For the seamless integration of the embedded nodes into Finroc, the framework-integrated
embedded protocol (FinEmbP) has been developed. It implements the session layer of the
OSI model. As Figure 4.37 shows, the structure of its communication cycle is inspired by
Ethernet Powerlink. The communication cycle is split into the isochronous, the asynchronous,
and an optional idle phase. The cycle is structured by the SoC, SoA, and the EoA frames.
As they have to be received by all nodes, they are sent as an IP broadcast or multicast.
The process data is exchanged during the isochronous phase via a poll mechanism. The
master sends an ISend packet that contains process data to the respective node while
the ISend response contains the process data from the node. Data that does not require
cyclic transmission can be transmitted during the asynchronous phase – e.g., parameters,
firmware updates, or network initialization.

The master and the nodes both rely on the same FSM that is shown in Figure 4.38. Every
state includes a sub-FSM that differs between the master and the node. To initialize the
network, the master queries the network for the presence of FinEmbP nodes during the
init state. When one or more nodes respond, the master assigns each of them an ID.
For further bus operation, the ID is used as its IP by the respective node. Once an ID is
assigned to all nodes, both the master and the nodes are in the preop state. In the preop

Master: SoC ISend ISend · · · SoA EoA

Slave: ISend · · · ISend ASend

Isochronous

Phase

Asynchronous

Phase

Idle

Phase

Cycle

Figure 4.37: Basic segmentation of the FinEmbP communication cycle. Adapted
from [Schütz 14][Danger 13].
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Figure 4.38: Basic FSM underlying the FinEmbP master and nodes. Adapted
from [Schütz 14][Danger 13].

state, all nodes transmit their structure information (IOdesc) to the master. The structure
information contains all information that is needed for the communication. Once all nodes
have submitted their structure information, the overall system is in the op state and the
cyclic data exchange as described above is taking place. As the initialization routine is
handled during the asynchronous phase, further nodes can be initialized while the network
is running.

4.2.4 Implementation

This section details the implementation of the embedded system. It is separated into the
electronic system and the FPGA HW/SW system.

4.2.4.1 Electronic System

To propagate the flexibility of the FPGA to the electronics level, the design of the em-
bedded electronics follows a modular approach. Therefore, for the first prototype, the
functionalities at the electronic level are distributed among several modules. The separa-
tion illustrated in Figure 4.39 has been chosen, as it divides the systems into its three main
functionalities. One module – the FPGA board – contains the FPGA and all its associated
periphery – e.g., power management and memory. At its core is the eSM Board from elrest
Automationssysteme GmbH12. The eSM is based on an Altera 13 Cyclone IV FPGA. As it
features two separate SDRAMs of 64 MB and two 100 Mbit Ethernet interfaces, it optimally
supports the implementation of the envisaged concept. By integrating two SDRAMs both
processors can access their dedicated memory without the need for arbitration. The two
Ethernet interfaces enable networks with line topologies. The FPGA board also integrates
the embedded voltage regulators. They convert the incoming supply voltage of 24 V to 5 V
and 3.3 V.
Another module implements the output stage that generates the desired EM field of the
BLDC motor. As that involves the fast switching of high currents, both, heat removal and
EMI, are reasons to allocate it on a dedicated PCB. At this point, the output stage integrates
a Gold Twitter servo drive from Elmo Motion Control Ltd 14. Although it offers much more
functionality, the Gold Twitter is only used for the current control and the commutation of
the BLDC motor. At a later stage, to reach a more compact design, the Gold Twitter can
12http://http://www.elrest-gmbh.com/
13http://www.altera.com/
14http://www.elmomc.com/

http://http://www.elrest-gmbh.com/
http://www.altera.com/
http://www.elmomc.com/
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Figure 4.39: The separation of the electronic’s functionalities to obtain a modular and flexible
system.

be substituted by a custom output stage with the FPGA handling the current control and
the commutation. In the current setup, the interface between the Elmo Gold Twitter only
consists of to the transmission of the desired current and the current feedback. Both signals
are implemented using pulse-width modulation (PWM) – the FPGA modulates the desired
current as a PWM-signal and demodulates a PWM-signal that encodes the current feedback.
For the commutation of the EM field, the rotational iC-MU is interfaced by the Gold Twitter
through SSI. The differential iC-MU SSI signals are converted to single-ended signals by
RS-485 transceivers at the output stage board. To be able to estimate the overall actuator
length within the FPGA by combining the rotor movement and the spring deflection (xm+xs,
see Section 4.1.4), the SSI signals are also routed to the FPGA. Besides the Gold Twitter,
the board contains an ADC to capture the interface the Pt1000 temperature sensor. On the
digital side, the ADC offers an SPI that is driven by the FPGA.

A third module implements the interface to the differential signals of the embedded sensors
and other peripheries – e.g., the iC-MUs located at the springs and the joints. It contains four
interfaces with four differential I/Os each. RS-485 transceivers implement the conversion
between single-ended and differential signals. Each transceiver can be freely configured
to act as a receiver or a sender. Furthermore, each interface can supply the connected
periphery with two voltages. The two can be chosen among the available 24 V, 5 V, and
3.3 V. Allocating the I/Os to the external periphery on a separate PCB further reduces the
risk of introducing EMI signals to the FPGA board.

A backplane establishes the electrical connection between the modules. It routes the
signals and the internal supply voltages from one board to the other. The dashed arrow
in Figure 4.39 indicates an additional interface through which a second output stage can
extend the system. If the computational capacity of the FPGA proves sufficient, this allows
for the encapsulation of a second actuator.

Figure 4.40 shows the assembled embedded node with one output stage. Overall, this
modular implementation of the embedded nodes on the electronics level provides a flexible,
adaptable, and electronically robust platform. The first prototype of CARL can be taken
into operation using this electronic platform. At a later stage, once the exact specifications
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(a) (b)

Figure 4.40: The modular embedded node developed for the integration in CARL– the two main
modules are the (a) FPGA board based on the Elrest eSM board and the (b) output stage integrating
the Elmo Gold Twitter.

and requirements are determined, the modular system can further be integrated into a
highly dedicated embedded node.

4.2.4.2 FPGA HW/SW System

Figure 4.41 shows the implemented FPGA logic that is relevant for the data flow between
the high-level control and the application soft processor. The processors are implemented
using the Altera Nios II15 soft processor – the Communication-Nios and the Application-Nios.
Both Nios are running at 100 MHz. Two GMACIIs from IFI16 are deployed for the Ethernet
MAC. The Communication-Nios interfaces them. A main advantage of the GMACII are
the integrated direct memory access (DMA) controllers that provide on-the-fly checksum
calculation.

For fast one-cycle read and write access, both soft processors have DPRAM attached as
tightly-coupled memory (TCM). TCM is a low-latency memory that is directly connected
to a dedicated interface of the Nios. It bypasses the cache and thereby increases the
access determinacy. On the communication side, the TCM serves as a header cache used
to analyze the headers of incoming and to construct the headers of outbound frames.
On the application side, the TCM implements the process cache. The cache stores all
process data that is used by the application. The third DPRAM, the page buffer, is used
for the inter-processor communication. Besides a control structure for the inter-processor
communication, it stores a set of coherent pages of in- and outbound process data. Delays
due to concurrent access from application and communication side are avoided by using a
page flipping mechanism.

DMAs handle all process data transferred to and from the page buffer. On the communi-
cation side, the GMACII DMA controllers transfer the data. The relevant data is directly
15https://www.altera.com/products/processors/overview.html
16http://www.ifi-pld.de/

https://www.altera.com/products/processors/overview.html
http://www.ifi-pld.de/
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Figure 4.41: A detailed illustration of the HW infrastructure implemented in the FPGA. Its design
supports the deployment of Finroc on the embedded nodes. Redrawn from [Schütz 14]

transferred between the internal GMACII-buffers and the page buffer. On the application
side, the system is also extended by two DMA controllers to transfer data between the
page buffer and the process cache.

The software running on the Communication-Nios implements a UDP stack that handles
layer two, three, and four of the OSI model. The stack implements the frame forwarding
on the OSI layer 2 which is required for the Ethernet line topologies. For efficient data
handling and checksum calculation, the implementation of the UDP stack makes extensive
use of the GMACII DMA controllers. The FinEmbP client-FSM is running on top of the UDP
stack. Depending on the client state, an incoming Ethernet frame is either forwarded to
the second Ethernet interface or copied to the page buffer. The latter is indicated to the
Application-Nios by setting the respective flag of the control structure in the page buffer.
If defined by the FinEmbP protocol, the client responds to the incoming frame by sending
an adequate frame – in case of process data, this is the most recent page located in the
page buffer.

Due to the efficient HW/SW codesign of the FPGA infrastructure and the modular design of
Finroc, the deployment of a fully featured instance of the framework to the Application-
Nios is enabled. A Finroc application is usually composed of interconnected modules. A
group can encapsulate several modules. It can be distinguished between plain modules and
sense-control modules. The latter handle the sensor and controller data separately. More
details about Finroc are given in Appendix A.

The Finroc application running on the FPGA is encapsulated as a sense-control group that
can contain several modules. By mapping all data ports of the modules and groups to
fixed memory locations in the process cache. At the beginning of each Finroc execution
cycle, the application checks for new controller input data in the page buffer. When new
data is available, it is copied to the respective area in the process cache using the RX-DMA
controller. Being a TCM that bypasses the cache, the incoming data can be processed by
the application without any further overhead, e.g., cache handling or pointer arithmetic.
At the end of the Finroc cycle, the sensor outputs are copied to the page buffer using the



4.2. Embedded System 135

FPGA

Elmo
Twitter

A/B/C

PD Control

Current
Feedback

Application
Nios

Filter

SSI Master
iC-MU Spring

SSI Master
iC-MU Joint

Filter

SSI Listener
iC-MU Rotor

Length
Calculation

Filter Watchdog

ADC

SPI Master
ADC Pt1000

PWM

PWM

SSI

SSI

STO

SSI

SPI

Figure 4.42: Coprocessors implemented at the application side of the FPGA HW system. All serial
sensor interfaces and the filtering for the respective sensor values, the PD force control, the
demodulation of the current feedback, the overflow detection of the rotational iC-MU sensor, and a
watchdog mechanism are fully implemented in the FPGA logic.

TX-DMA controller. This efficient data handling setup significantly reduces the performance
trade-off entailed by the deployment of Finroc.

Regarding the communication, the iSend package, which is sent by themaster each FinEmbP
cycle, contains the controller inputs. The sensor outputs are transmitted via the cyclic iSend
packages originating from the node. Module parameters can be set during the asynchronous
phase. The data ports of internal modules are mapped to a third region in the process
cache. A data blob of the internal port data is attached to the cyclic iSend package to fully
enable the Finroc tooling and gain full insight into the state of the embedded application.
This insight facilitates the debugging of the embedded Finroc application tremendously.
Its full state can be monitored using the Finroc tooling – in Finstruct and the FinGUI. By
adjusting the blob size, the update frequency of the internal ports can be balanced against
the overall FinEmbP frequency.

Figure 4.42 shows a more detailed view of the FPGA logic implemented at the application
side. A multitude of dedicated IP Cores extend the Application-Nios. The IP Cores handle
all serial protocols of external ICs to obtain the sensory information at the maximum
sampling rate. From Nios perspective, the IP Cores are memory-mapped slaves.

One dedicated IP Core directly interfaces the iC-MU that captures the spring deflection.
Thus, the sensor can be sampled at its maximum rate, and the values can subsequently
be filtered without causing any overhead at the Application-Nios – obtaining the filtered
spring position is reduced to memory access.

As the Gold Twitter interfaces the rotor sensor – it requires the rotor position for the
EM commutation – an IP Core in the FPGA obtains the rotor position by tapping the SSI
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Figure 4.43: Distribution of the elements relevant for the closed-loop control within the HW/SW
system. For each element, the sampling frequency is given.

signals. To calculate the actuator’s length that is needed for the impedance control, another
IP Core calculates the absolute length of the ball screw. As the iC-MU is a single-turn
absolute encoder, this IP Core registers the sensor overflows. Thereby, once initialized,
it can calculate the absolute length of the ball screw. After being filtered, summing the
ball screw’s length and the spring deflection delivers the actuator length required for the
impedance control.

Two IP Cores handle the current feedback and the stator temperature. One handles the
SPI communication with the ADC; the second demodulates the PWM signal encoding the
current feedback from the Gold Twitter. Finally, to protect against system failure, a hardware
watchdog monitors the Application-Nios and disables the Gold Twitter via the safe torque
off (STO) signal in case of a timeout.

Figure 4.43 depicts the implemented control structure, the sampling frequencies of the
various components, and the data flow in more detail. It clarifies the distribution of the
various closed-loop cascades within the embedded system. Based on an experimental
assessment of the different approaches for the force control, similar to Hutter [Hutter 13],
an I-PD controller has been adopted. A PD controller implemented as a dedicated IP Core
control mainly establishes the desired force. It runs at 10 kHz and – being implemented in
logic – without any significant jitter. The spring deflection is sampled and filtered with a
frequency of 40 kHz.
The integral part of the PID controller is implemented in software – thus the term I-PD
control. A low I-gain in combination with an anti-windup mechanism is used to eliminate
the steady-state error. It is preferred over a DOB-based approach, as it is computationally
less intensive and less prone to instabilities due to non-linearities [Hopkins 15]. Similarly,
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the enclosing impedance cascade is implemented in software. Finroc – and thus the
impedance control and the I-part of the force control – runs with a frequency of 5 kHz.
The current control loop provided by the Elmo Twitter is executed with a frequency of 20 kHz.
As the Elmo servo drive interfaces the iC-MU once every control cycle, this determines the
update frequency of the ball screw length and its associated filter.

Therefore, although a full-featured framework is deployed to the embedded nodes, the
achieved control frequencies are well comparable to the ones reported in literature – see
Table 4.8. Notably, the software running on the Application-Nios executesmore functionality
than only the closed-loop control. For instance, it implements the thermal model, safety
mechanisms that prevent the RRLab SEA from exceeding the maximum range of motion of
the ball screw, and the conversion of raw sensor values to SI units.



138 4. Transparent Actuation Unit

4.3 Experiments/Identification
This section presents the experiments that demonstrate the performance of the embedded
system and the RRLab SEAs. The experiments with the embedded system include a timing
analysis of FinEmbP and the execution of the bare-metal Finroc. To evaluate the design
of the RRLab SEA, firstly the relevant parameters of the open-loop dynamics and thermal
properties are identified. Finally, the interplay between the embedded nodes and the
RRLab SEAs is analyzed through the achieved closed-loop performance.

4.3.1 Embedded System Performance

Below, the timing of the two core tasks of the embedded nodes – the communication with
the higher control layers and the execution of the application related tasks – is analyzed.

4.3.1.1 FinEmbP Timing

To characterize the performance of FinEmbP and its implementation – at the master and
the slave side – some dedicated experiments have been performed. Table 4.9 lists the
data that is transmitted to and from the various embedded nodes. For each node type, it
gives the number of bytes transmitted as controller input, sensor output, and the internal
ports. As the internal ports are transmitted in blobs that are attached to the iSend frames,
also the maximum blob size and the resulting number of blobs are given. Notably, the
transmitted data is relatively low – a result of the encapsulation of the actuator towards
the higher control layers [Pratt 04].

SEA SEA + Foot Test-Rig AD Node Total

Sensor Output [B] 108 140 96 136 804
Controller Input [B] 56 56 4 60 344
Internal Ports [B] 332 368 108 328 -
Max Blob Size [B] 48 48 48 48 336
No. Blobs [B] 7 8 3 7 -

Table 4.9: The I/O configurations of the FinEmbP nodes. All values are given in Byte [B].

The first column lists the standard nodes that encapsulate the SEAs of which CARL integrates
four. The second column corresponds to the data volume of the fifth SEA node that
additionally interfaces the foot – the foot interface only impacts the sensor output and
the internal ports. The increased sensor output of 32 B corresponds to the eight 32 bit
integers that contain the output of the eight ADC channels. The third and fourth column
provides the data I/Os of the test-rig and AD nodes. The test-rig node controls the force
and impedance of a winch unit that simulates a second leg and the speed of a treadmill.
More details about its design are given in Section 7.1. The AD node provides the facilities
to capture thirty-two and generate four analog signals. Currently, it is used to record the
supply voltage and current of the overall system.

Topology wise, as shown in Figure 4.44, the investigated FinEmbP system is a mixture of
a star and a line topology. There are two Ethernet switches – one that is embedded in
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CARL and distributes the packets to the embedded nodes that encapsulate the actuators.
The second switch is placed between CARL and the Master PC. It connects the FinEmbP
nodes that are not an integral part of CARL – i.e. the test-rig node and the AD node.
The network configurations that are investigated in the experiments are established by
connecting/disconnecting some of the network lines.

FinEmbP
Master

SwitchAD
Node

Test-Rig
Node

CARL

SwitchSEA
Node

SEA
Node

SEA
Node

SEA + Foot
Node

SEA
Node

Figure 4.44: FinEmbP network topology used during the experiment. The dashed lines indicate the
network connections that are connected/disconnected to establish the investigated configurations.

Table 4.10 lists the timing obtained from the conducted experiments. The timing of various
network configurations has been recorded to investigate the influence of the number of
nodes on the network performance. For each configuration, 50 000 FinEmbP cycles were
recorded. The FinEmbP master runs on a standard PC with an Intel Core i7-4790K (4.0 GHz)
CPU and 16 GB RAM with a headless Ubuntu 14.04. Each configuration is tested without
additional computational load and with a full load on all eight virtual CPU cores of the CPU.
Thereby, the influence of CPU load on the communication bus can be investigated. One
experiment has been conducted with the high-level walking control of CARL running on
top of the FinEmbP protocol. This scenario represents the final setup used for the walking
experiments (see Section 7.4). During all experiments, the FinEmbP protocol is executed at
maximum frequency – the idle phase envisaged by the protocol is not used.

With a single node and no load, the FinEmbP protocol runs in average with a cycle time of
351 µs (≈2.9 kHz) and a standard deviation of 13 µs. While the CPU load does not impact
the average timing significantly, the standard deviation increases significantly. As to be
expected, adding nodes to the network leads to an increase of the average cycle time. In
the full configuration – seven nodes – and without CPU load, the average cycle time is
around 672 µs (≈1.5 kHz) and a standard deviation of 672 µs. Here, the CPU load results in a
doubled cycle time of 1312 µs with a standard deviation of 959 µs. For networks with fewer
nodes, the increase of the average cycle time due to the CPU load is not as pronounced.
Notably, for all configurations, the CPU load at the master results in a significant increase
of the maximum cycle time. The influence of the topology is not explicitly investigated.
Nevertheless, the increased cycle time for the configurations that include CARL suggests
that a line topology and the associated frame forwarding at the node level potentially
increases the cycle time.

In the setup that resembles the final use-case, the average cycle time is 736 µs which
corresponds to a bus frequency of approximately 1.36 kHz with a standard deviation of 53 µs
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No. Nodes Load Avg [µs] Std [µs] Min [µs] Max [µs]
1 TR None 350.95 12.60 282 645
1 TR Full 374.79 141.93 289 8030
2 TR,AD None 380.63 18.82 313 1175
2 TR,AD Full 475.44 197.02 325 9556
5 CARL None 634.86 33.97 514 1210
5 CARL Full 980.83 499.10 537 14 150
7 TR,AD,CARL None 672.33 50.25 471 1309
7 TR,AD,CARL Full 1311.59 959.35 555 12 086
7 TR,AD,CARL Control 735.85 52.73 535 1298
TR – Test Rig Node, AD – Analog-Digital Node, CARL– All SEA Nodes

Table 4.10: The cycle timing of the FinEmbP protocol for various number of nodes and CPU load of
the master.

(7 % of the average cycle time). Figure 4.45 shows the histogram of the 50 000 recorded
cycles in this scenario.
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Figure 4.45: Histogram of the FinEmbP timing with seven nodes and the high-level walking control
of CARL running on the master PC.

Overall, the performance compares well to similar systems listed in Table 4.8. Unfortu-
nately, the literature does neither provide detailed information about the data load within
the presented solutions nor the jitter. Thus, the only indicator is the communication fre-
quency. Against the background that the embedded nodes are handling the low-level
force/impedance control of the RRLab SEAs and that the high-level control is of a reactive
nature, the performance characteristics of FinEmbP are considered to be sufficient – espe-
cially when compared to the neural delays assumed by other biological-inspired control
approaches, e.g., the 5 ms to 20 ms assumed by Geijtenbeek et al. [Geijtenbeek 13].

4.3.1.2 Bare-Metal Finroc Execution Timing

As the embedded systems handle the closed-loop control of the RRLab SEAs, its execution
timing is performance critical. The parts of the closed-loop control that are running in the
FPGA logic exhibit a very deterministic timing. They are fully self-contained and triggered
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by HW clock enables. Thus, the resulting jitter is neglectable in that regard. The critical
part is the embedded software – in particular as it is implemented using a bare-metal
Finroc.

The timing and the jitter of the Finroc execution are investigated in dedicated measure-
ments. Compared to the final closed-loop structure that is laid out in Section 4.2.4.2, the
measurements are conducted using a different closed-loop control setup. In this setup,
both, the force control and the impedance control, are implement in software. Additionally,
a DOB complements the closed-loop control. Two modules are interfacing the hardware
– the Elmo Interface and the HW Abstraction that interfaces the sensors. Each element is
encapsulated as a Finroc sense-control module. Furthermore, compared to Figure 4.43, the
length calculation and the filtering of the sensor values are done in software. Figure 4.46
depicts the Finroc system as visualized in Finstruct.

Figure 4.46: The Finroc software system deployed on the FPGA as illustrated by Finstruct.
From [Reichardt 17].

A dedicated IPCore was implemented to capture the software timing without causing a
significant overhead and thereby corrupt the timing. The IP Core is based on a counter that
is driven by the 100 MHz system clock. Each time the software sets a flag, a snapshot of the
counter value is stored in a block of embedded memory. By dedicated measurements, it is
determined that two consecutive time taps triggered from the software take two CPU cycles
– without any jitter. Thus, the IP Core allows for timing measurements with a resolution of
single CPU cycles.

Algorithm 4.1 clarifies the enclosing main loop that triggers the Finroc execution cycle.
The main functionality of a Finroc sense-control module is implemented by its Sense and
Control tasks. The default Finroc scheduler determines the execution order of the modules
and their tasks based on the data flow. It corresponds to the listing order of the measuring
points in Table 4.11.
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Algorithm 4.1: Finroc execution and timing measurement
1 while run do
2 Tap Time /* Time Tap #1 */
3 function Finroc Cycle
4 begin
5 function HW Abstraction - Sense
6 begin
7 Tap Time /* Time Tap #2 */
8 . . .
9 end
10 function Elmo Interface - Sense
11 begin
12 Tap Time /* Time Tap #3 */
13 . . .
14 end
15 . . .
16 function DOB - Control
17 begin
18 Tap Time /* Time Tap #9 */
19 . . .
20 end
21 . . .
22 Tap Time /* Time Tap #12 */
23 end
24 Handle Data
25 Tap Time /* Time Tap #13 */
26 Await Cycle Timeout
27 Tap Time /* Time Tap #14 */
28 end

After each Finroc cycle, the data exchange between the two CPUs is handled: new sensor
data is transmitted, new control data is obtained. After the data handling, the CPU idles
until the start of the next cycle to keep the cycle time constant. All measuring points are
listed in Table 4.11. A timestamp is obtained at the beginning of each Control (red) and
Sense task (yellow). Additional timestamps are captured at the start and the end of the
while loop, after the Finroc execution, and after the data handling. The non-Finroc-related
timestamps are highlighted in gray in Table 4.11. The measured timing is visualized in
Figure 4.47, a quantitative interpretation of the data is given in Table 4.11.

In this configuration, the embedded software runs at a frequency of 4 kHz (25000 CPU cycles
per execution). Naturally, as Table 4.11 shows, the jitter increases within an execution
cycle. Thus, within the Finroc cycle, the maximum performance-relevant jitter is observed
at the Control task of the Elmo Interface. The respective standard deviation of the timing
is 201.5 cycles; the maximum measured deviation is 569.4 cycles. Relative to the overall
cycle length, the maximum jitter poses 2.29 %, the standard deviation poses only 0.5 %.
Both values are well below the desirable 10 % jitter, postulated by Shirai et al. [Shirai 16].
Therefore, no performance restriction should originate from the embedded software system.
Especially, as less functionality is implemented in software in the final embedded system
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Measuring Point Avg. CPU cycles Std. Deviation Max. Jitter
Cycle Start -1 14.3 64.5
HW Abstraction - Sense 711 16 72.7
Elmo Interface - Sense 4663 74.8 249.3
PID Control - Sense 5785 74.9 270.1
DOB - Sense 7182 117 364.9
Impedance Control - Sense 7536 138.4 414.2
HW Abstraction - Control 7914 138.9 414.2
Impedance Control - Control 8435 140.9 436.3
DOB - Control 10074 180.6 520.4
PID Control - Control 11105 201.4 569.4
Elmo Interface - Control 12074 201.5 569.4
Finroc Cycle End 13240 218.7 633.5
Data Handling End 22064 2201.3 5534.5
Cycle End 24868 13.7 49.1

Table 4.11: Timing during an Finroc execution cycle. From [Reichardt 17].

used in CARL (see Figure 4.43).

Notably, in this experiment, the Application-Nios is configured with 32 kB of instruction
and data cache. Furthermore, it uses a dynamic branch prediction of 4096 entries. While
improving the overall CPU performance, the underlying heuristics of both mechanisms
naturally introduce jitter to the software execution. Thus, the numbers above significantly
depend on the combination of the software implementation – e.g., the number of modules
and variables – and the CPU configuration. Nevertheless, the results show that it is possible
to deploy a full-featured robotic framework to a bare metal embedded system that matches
or even exceeds the determinism and execution frequency of comparable systems.

4.3.2 RRLab SEA– System Identification

As shown in Figure 4.13, a SEA is mainly characterized by the impedances of the two paral-
lel branches. In case of the RRLab SEA, those are the reflected inertia and the damping
of the drivetrain, and the elasticity and damping of the spring system. While quantities
like gear ratios, masses, inertias, or spring constants can be calculated or obtained from
datasheets, the precise implementation properties are best identified in dedicated experi-
ments, quantities such as the damping have to be determined experimentally. Furthermore,
the experiments allow for some further insights into the system behavior.

For the identification experiments, the two setups depicted in Figure 4.48 are used. The
setup shown in Figure 4.48a resembles the high-impedance case mostly used in the
literature. A COTS load cell is placed in line with the actuator to determine values such
as the transmission ratio of the ball screw and the spring constant. A cart, guided by two
linear ball bearings, is placed between the actuator and the load cell to avoid parasitic
forces. Figure 4.49 shows the physical test-rig with a RRLab SEA 70 mounted in the
high-impedance setup.

The second setup shown in Figure 4.48b is solely used for the identification of the spring
damping in Section 4.3.2.3. In contrast to the high-impedance setup, the distal output is
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Figure 4.47: Graphical illustration of the execution timing within a Finroc cycle. The coloring of
the curves matches the coloring of the time taps given in Table 4.11. From [Reichardt 17].

open and connected to a second cart. Furthermore, a pipe is placed between the cart and
the RRLab SEA body.

4.3.2.1 Ball Screw Ratio – Torque-Force

According to the manufacturer, the relation between the torque τ and the linear force F of
a ball screw is given by

F = Nτ = 2πη

p
τ, (4.103)

where p is the ball screw pitch in m and η the efficiency coefficient of the ball screw. Thus,
the theoretical transmission ratio for the deployed ball screw with 8 mm pitch and no
friction is

N = 785.4 N/Nm.

Considering the efficiency of 97 % provided by Eichenberger, the ratio is altered to

N = 761.8 N/Nm.

The high-impedance setup is used to experimentally identify the transmission ratio between
the motor torque and the linear force in the RRLab SEAs. A sinusoidal current with a
frequency of 1 Hz is applied to the motor. Recording the current and the load cell force
and plotting them against each other gives Figure 4.50. The figure shows both, the data
obtained from the RRLab SEA 70 and RRLab SEA 50.

Fitting a line to the data gives an approximation of the relation between the current and
the force – 128.5 N/A for the RRLab SEA 70 and 69.9 N/A for the RRLab SEA 50. Based on
the torque constant kT provided by the motor manufacturer, the transmission ratio for the



4.3. Experiments/Identification 145

Fop

xc

Ixs

(a)

xc

xs

Fop

I

gF

(b)

Figure 4.48: Experimental setups used for the identification of the RRLab SEAs– ((a)) the high-
impedance configuration and ((b)) open output with blocked motor. From [Schütz 16a]

two setups can be estimated. For both, the RRLab SEA 70 with a kT of 0.18 N m/A and the
RRLab SEA 50 with a kT of 0.098 N m/A, this results in

N = 713.6 N/Nm.

Notably, both experiments were conducted with the RDs in star-serial configuration.

Compared to the theoretical ratio of 785.4 N/Nm, this equals an efficiency of approximately
91 %. In separate experiments, the influence of the linear ball screw guide has been
investigated. The ball screw ratio obtained from experiments without the linear guide is
767.5 N/Nm which corresponds to an efficiency of approximately 97 %. This matches the
numbers provided by the manufacturer. Thus, although 91 % is a good value compared
to other designs, a solution for the linear ball screw guide, that does not rely on a plain
bearing, could improve the drivetrain efficiency even further.

4.3.2.2 Spring System – Stiffness

The RRLab SEA 70 is identified with two different spring configurations; the RRLab SEA
50 only with one stiffness. They are based on COTS die springs with varying stiffnesses.
Spacers made from Polyoxymethylene (POM) compensate the length differences. The
resulting theoretical stiffnesses of the configurations are given in Table 4.12. Notably, the
stiffness of the RRLab SEA 50 is chosen to be in a similar range as the Achilles tendon of
humans [Kurihara 12].

The spring constant of the spring systems is identified by using the experimental setup
depicted in Figure 4.48a. Three sinusoidal current signals with frequencies of 0.1 Hz, 1 Hz
and 10 Hz are applied to the RRLab SEA. The resulting spring deflection and load cell forces
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Figure 4.49: The test-rig used for the identification experiments of the RRLab SEAs. The high-
impedance configuration with the serial load cell is shown. It can be reconfigured for the damping
identification with the open output.

Actuator Conf. Stiffness [kN/m]
Single Spring Assembly

RRLab SEA 70 Medium 82.4 494.4
RRLab SEA 70 Hard 153.0 918.0
RRLab SEA 50 - 91.8 183.6

Table 4.12: The investigated spring configurations for both RRLab SEAs and the according theoretical
stiffness values.

are recorded. Figures 4.51a and 4.51b show the recorded data for the hard and the medium
spring configuration of the RRLab SEA 70. At low frequencies, the spring system shows
good linearity over a wide force range. The spring constant ks of the assembly is estimated
by fitting a straight line to the 0.1 Hz data. Thereby, the influence of the spring damping bS

is mitigated.

As proposed by Wolf et al. the force error that results from this estimation is illustrated
in Figures 4.52a and 4.52b. The plots illustrate that the spring system comes close to the
straight line for low frequencies – the ideal frictionless spring system. For high frequencies,
the belly-shaped force error is induced by the damping bs due to the dynamic friction within
the spring system. Knowing the speed and the damping coefficient of the spring system,
this influence could be compensated to obtain a more accurate estimate of the output
force.

Notably, the periodic oscillation of the force error observable in the 1 Hz data is induced by
the poles of the RD drive. They provoke a periodic acceleration and deceleration of the
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Figure 4.50: Relation between motor current and linear force found in the RRLab SEAs. The two
lines represent the fit to the data.

system that results in a fluctuation of the dynamic friction force. Further on, there is only
little stiction acting in the system. The vertical lines at the maximum spring deflections in
the force error plots – the points of zero velocity – range between −1 N to 4 N for both
depicted configurations.

Figure 4.51c depicts the data of the RRLab SEA 50. Although it is still noticeable, the
belly-shaped force deviation at 10 Hz is less pronounced and thereby indicates a lower
damping bs. On the other hand, the spring system shows higher stiction. The vertical lines
at the maximum spring deflections in the force error plots range between −14 N to 4 N.
The increased stiction is particularly disadvantageous as the measurement range of the
RRLab SEA 50’s spring system is smaller. Most likely, it is induced by the inherent stiction
of the sliding bearings that are used to guide the spring deflection.

Table 4.13 lists the estimated values for ks as well as the standard deviation (SD) and the
maximum of the force error for the various frequencies.

Actuator Conf. ks [kN/m] SD/Max. Force Error [N]
T E 0.1 Hz 1 Hz 10 Hz

RRLab SEA 70 Medium 494.4 585.7 3.1/8.9 4.3/18.5 92.4/234.1
RRLab SEA 70 Hard 918.0 914.1 3.3/12.5 6.2/23.3 80.5/178.9
RRLab SEA 50 - 183.6 200.9 8.4/16.43 9.6/20.5 13.6/50.6
T: Theoretical, E: Experimental

Table 4.13: Identified stiffnesses for the various configuration. Additionally, the SD and themaximum
of the force error at the various frequencies are listed.
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Figure 4.51: Characteristics of the RRLab SEAs spring systems at various input frequencies. Illus-
tration of the recorded load cell force over the spring deflection for (a) the RRLab SEA 70 with the
medium configuration, (b) the RRLab SEA 70 with the hard configuration, and (c) the RRLab SEA 50
with the standard configuration. The dashed lines indicate the stiffness estimated from the 0.1 Hz
data.
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Figure 4.52: Error of the spring-based force estimation of the RRLab SEAs at various input frequen-
cies. Illustration of the force error resulting from the identified spring constant for (a) the RRLab
SEA 70 with the medium configuration, (b) the RRLab SEA 70 with the hard configuration, and the
(c) the RRLab SEA 50 with the standard configuration.
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4.3.2.3 Spring System – Damping

According to the RRLab SEA dynamics derived in Section 4.1.4, the damping of the two
subsystems is assumed to be linear. In the high impedance setup (Figure 4.48a), the
movements of the motor xm and xs are rigidly coupled by

xs = xm. (4.104)

The system resembles a second-order system that is described by the homogeneous differ-
ential equation

0 = ksxs + (bm + bs)ẋs + mlpdẍs, (4.105)

where the lumped massmlpd is the sum the reflected rotor massmJ and the sprung chassis
mass mc. Hence, with this setup, it is not possible to distinguish between the damping of
the two subsystems. A separate experiment is conducted to identify the damping of the
spring system bs. Figure 4.48b depicts the setup. Compared to the high-impedance case,
the distal output is attached to a second movable roller cart. A pipe is inserted between the
actuator’s body and the cart. A pulling force generated by the motor prevents any motor
movement xm.

The actuator’s body, the pipe, and the cart act as a single mass that is coupled to the
mechanical ground through the spring assembly. The resulting spring-mass-damper system
is again described by the second-order differential equation

0 = ksxs + (bs + bcart)ẋs + moscẍs, (4.106)

where mosc resembles the moving mass – the chassis, the pipe, and the cart. Deflecting
and suddenly releasing the spring by a pulling force of approximately 800 N that is applied
to the cart results in a damped oscillation. The movement is described by

xs(t) = xs0e
−δtcos(ωdt + φ0), (4.107)

where ω0 is the undamped angular frequency and δ the damping ratio. They are related to
the physical properties of the second-order system by

ω0 =
√︄

ks

mosc

(4.108)

δ = bs + bcart

2mosc

. (4.109)

Thus, assuming bs >> bcart, bs can be estimated by fitting either an exponential envelope
to the oscillation, or – as the other parameters mosc and ks are known – a grey-box model
to the recorded motion.

The oscillation of the RRLab SEAs, the fitted envelope, and the estimated grey-box model
are shown in Figure 4.53. For the RRLab SEA 70 (Figure 4.53a), with an assumed mosc =
2.70 kg, the decay constant of the fitted envelope gives bs = 154.6 kg/s. The estimated
grey-box model gives bs = 152.6 kg/s17. Therefore, the damping of the RRLab SEA 70
spring system can be assumed to be around 153.5 kg/s.
17The greyest function provided by Matlab was used to estimate the grey-box model.
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Figure 4.53: Spring deflection measured during the identification experiments of the damping in
the spring system bs of the (a) RRLab SEA 70 and the (b) RRLab SEA 50. Additionally, the exponential
envelope and the result of a fitted grey-box model are plotted. The red circles indicate the data
points that are used to fit the exponential envelope.

Figure 4.53b shows the oscillation, the envelope, and the fitted grey-box model for the
RRLab SEA 50. With mosc = 2.2 kg, fitting the envelope gives bs = 78.2 kg, while the
grey-box model estimates bs = 81.2 kg. Thus, the damping of the RRLab SEA 50’s spring
system can be assumed to be around 79.7 kg/s.

Although the RRLab SEA 50 relies on plain bearings, the damping observed in the RRLab SEA
70 is higher and thereby explains the belly-shaped force error observed in Section 4.3.2.2.
This is most probably due to higher forces that are acting in the spring system. Additionally,
the design with six pretensioned springs increases the potential for internal tensions.
The standard die springs come with rather high tolerances regarding the spring constant
(±10 %) and the free length (±1 mm or ±1 % depending on the length) [ISO 10].
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4.3.2.4 Open-Loop TF

To fully determine the open-loop dynamics of the RRLab SEAs, both actuators are identified
using the high-impedance setup. Neglecting the spring damping, the TF between the EM
motor force Fem and the spring force Fs is given by

Fs(s)
Fem(s) = ks

(mJ + mc)s2 + blmps + ks

. (4.110)

For the identification, a linear chirp signal is applied to Fem. To mitigate non-linear effects –
e.g., stiction and the cogging torque of the BLDC motor – the chirp amplitude was linearly
decreased before and increased after the resonance frequency. Thereby, it is possible to
apply higher amplitudes at the lower and the higher frequencies. Recording both the
reference signal Fem as well as the measured spring force FS , the Bode plots for the
magnitude and the phase can be derived.

Figure 4.54 shows the Bode plots obtained for the medium (584.4 kN/m) and the hard
(941.6 kN/m) spring configuration of the RRLab SEA 70. They are based on the fast Fourier
transform (FFT) of the raw data18. Additionally, the three parameters of the TF given in
Equation (4.110) are estimated by fitting the TF to the data19.
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Figure 4.54: Bode plot of the RRLab SEA 70 in the high-impedance configuration. The plots show
the magnitude and the phase for the medium and the hard spring configuration.

18The FFT-based Bode plots are generated using the tfestimate function provided by Matlab.
19The TF parameters are estimated using the tfest function provided by Matlab.
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The two dotted vertical lines indicate the resonance frequencies of the two configurations.
The medium configuration resonates at 19.73 Hz, the hard configuration at 23.94 Hz. Thus,
the resonance frequency changes by a factor of 1.21 with the increased stiffness. This result
follows the theory that suggests a factor of

rω0 =
√︄

kshard

ksmedium

= 1.26. (4.111)

Furthermore, the plots support that the assumed structure (Equation (4.110)) reflects the
system dynamics – the Bode diagrams obtained from the fitted TFs closely resemble the
plots that are directly derived from the data.

Accordingly, Figure 4.55 shows the Bode diagram for the RRLab SEA 50 with a stiffness of
200.8 kN/m. Due to the smaller reflected inertiamJ , the resonance frequency is at 22.26 Hz.
As for the RRLab SEA 70, the fitted TF resembles the system behavior.
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Figure 4.55: Bode plot of the RRLab SEA 50 in the high-impedance configuration. The plots show
the magnitude and the phase for the medium and the hard spring configuration.

Table 4.14 lists the parameters of the spring-mass-damper system obtained from fitting
the TF. Notably, in the high-impedance case, the reflected inertia mJ and the chassis mass
mc are moving together. Therefore, Table 4.14 only lists the value of the reflected intertia
mJ – the chassis mass (mc = 1.2 kg for the RRLab SEA 70 and mc = 0.9 kg for the RRLab
SEA 50) is subtracted from the estimated parameter. The values for mc are obtained by
weighing. Similarly, the bs estimated in Section 4.3.2.3 are subtracted from the estimated
damping to obtain bm.
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Actuator Conf mJ [kg] bm [kg/s] ks [kN/m] fres [Hz]
Exp Est Exp Est Exp Est

RRLab SEA 70 med. 32.7 36.4 - 599.7 584.4 576.6 19.7
RRLab SEA 70 hard 32.7 40.0 - 631.9 941.6 904.5 23.9
RRLab SEA 50 - 8.9 9.1 - 261.0 200.8 207.3 22.3
Exp – Expected, Est – Estimated

Table 4.14: The RRLab SEA parameters estimated by the fitting of the TF to the recorded sweep
data.

The expected values for the reflected inertia mJ are obtained from the CAD-model by
summing the theoretical inertias of all rotating parts. For both actuators, the theoretical
values are higher than the estimated values. Still, the estimations are close to the expected
values. Therefore, the reflected inertia of the RRLab SEA 70 is estimated to be around 38 kg.
The reflected inertia of the RRLab SEA 50 is around 9 kg and therefore approximately 25 %
of the RRLab SEA 70. Especially for the deployment at the impact-prone distal joints, this
is a desirable property.

Regarding the drivetrain damping bm, the RRLab SEA 70 exhibits a damping around 615 kg/s
compared to 261.0 kg/s of the RRLab SEA 50. This reduction is most likely due to the reduced
cogging torque of the RD 50x14. As the cogging torque is relative to the BLDC motor’s
nominal torque (1.25 N m for the RD 70x18 and 0.5 N m for the RD 50x14), this suggests a
ratio of 2.5. This closely matches the ratio of the identified drivetrain dampings (2.4).
The estimated stiffnesses of the spring assemblies are within 3 % of the values identified
in Section 4.3.2.2 and thereby underlines the goodness of the estimations.

4.3.2.5 Thermal Properties

As stated in Section 4.1.6, it is assumed that in the BLDC motor, the Joule losses are
dominant during the operation of CARL. The acceleration/deceleration of the drives is
characteristic to bipedal walking – there are no longer phases of high speeds. Thus, to
identify the parameters of the model introduced in Section 4.1.6, the setup shown in
Figure 4.56 is used. It is supposed to resemble an approximation of the normal operation
conditions – two of the three windings are acting parallel with the third winding being in
series. A power supply produces a constant current. Both, the current Iin and the respective
voltage Uin are measured by an ampere meter and a voltage meter respectively. The voltage
is measured directly at the terminals of the RD to eliminate the influence of the cables
that connect the current source to the windings. Additionally to the integrated Pt1000,
a second Pt1000 is attached to the outside of the motor body. Thereby, the full thermal
dynamics of the system are captured.

In this setup, the power dissipated in the windings is not equal. The serial winding, being
exposed to the full current, dissipates 2/3 of the total power, the parallel windings only
1/6 each. As a consequence, this leads to non-uniform heating of the stator. Due to the
location of the Pt1000 within the stator – as indicated by Figure 4.33, it is located between
two winding heads – one winding is spatially further away from the sensor. Therefore,
for both actuators, three identification experiments are conducted – one for each of the
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Figure 4.56: Identification setup for the RRLab SEAs’ thermal properties. Redrawn
from [Kwasigroch 17]

three windings dissipating the 2/3 of the power. The more distant winding should become
apparent in the measured data.
Because of the non-uniform heating of the three windings, it is not possible to accurately
estimate the temperature of the single winding. This would require the adequate modeling
of the heat distribution within the stator. Therefore, all windings all lumped and the
effective resistance

Reff = 3
2RW (4.112)

is used. Knowing the input voltage Uin and the input current Iin, the temperature of the
winding can be approximated based on the derived resistance

Reff (t) = Uin(t)
Iin(t) . (4.113)

Similar to Equation (4.100), the winding resistance Reff is assumed to change linearly with
the winding temperature by

Reff (TW ) = Reffstart
(1 + (TW − αTWstart)), (4.114)

where α is the temperature coefficient. For copper, α is 0.0039 Ω/K. Reffstart
and TWstart are

the initial values at the time t = 0 when the temperature within the stator – and therefore
also the winding – is evenly distributed. Hence, the winding temperature can be estimated
by

TW (t) = 1
α

(Uin(t)
Iin(t)

1
Reffstart

− 1) + TWstart . (4.115)

Taking the sensor temperature TS and the joule losses PJ dissipated by the windings
(Equation (4.95)) as inputs, and the winding temperature TW as the state/output of the
system, Equation (4.99) can be formulated as the state-space model

TẆ = −
[︂ 1

Ct
W Rt

W −S

]︂
TW +

[︂ 1
Ct

W

1
Ct

W Rt
W −S

]︂ [︄
PJ

TS

]︄
. (4.116)

The parameters Ct
W and Rt

W −S can be estimated by fitting the model to the recorded data20.
Although some of the parameters are known approximately, e.g., the thermal capacity CW

of the windings, all parameters of the state-space model are free for identification.
20The greyest function provided by Matlab was used to estimate the grey-box model.
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Figure 4.57 shows the data obtained from the experiments – Figure 4.57a shows the data
for the RRLab SEA 70 with 2 ∗ Icont, Figure 4.57b for the RRLab SEA 70 with 3 ∗ Icont, and
Figure 4.57c for the RRLab SEA 50 with 2 ∗ Icont. For all three phases (A, B, C), the winding
temperature TW obtained via Uin and Iin (dashed), the sensor temperature TS , the body
temperature TB (dotted), and winding temperature TŴ estimated by the derived model
(dashed-dotted) are plotted. The measurements are aborted around a winding temperature
TW of 80 ◦C to avoid thermal damage to the stators. Notably, TW can only be measured
while the current is applied to the windings. Thus, the beginning and the end of the TW

plots indicate the duration of the current step.

In all three figures highlight the winding that is spatially further away from the sensor.
For both actuators, winding B shows the most significant difference between TS and TW .
In case of 2 ∗ Iconst, at a TW of 80 ◦C, the difference is around 20 ◦C for B and 10 ◦C for
A/C . In case of 3 ∗ Icont the difference becomes even more pronounced – 35 ◦C for B and
22 ◦C for A/C . Furthermore, Figure 4.57b emphasizes the advantage of the integrated
Pt1000. For high overloads, the winding already reaches 80 ◦C while TB only shows a slight
increase. Thus, the integrated Pt1000 allows for a more reliable estimation of the winding
temperature.

The experiments also illustrate the time span in which the RRLab SEAs can be overloaded.
Starting from a temperature around 38 ◦C and overloading the BLDC motors with 2 ∗ Iconst,
TW reaches 80 ◦C after approximately 70 s for the RRLab SEA 70 and 60 s for the RRLab SEA
50. When applying 3 ∗ Icont, TW already reaches 80 ◦C after 20 s.
To achieve a conservative estimation and avoid thermal damage of the motor, the data
obtained from the experiments with 2 ∗ Icont of winding B are used to fit the model. Thus,
for the data of the winding B, the temperature TŴ estimated by the fitted grey-box models
closely matches the measured winding temperature TW of the respective data series. For
the other two windings – A and C – TŴ overestimates TW . The estimation reaches the
80 ◦C threshold approximately 20 s earlier. As Figure 4.57b shows, although the model is
based on the experiment with 2 ∗ Icont, it predicts the winding temperature with acceptable
accuracy for 3 ∗ Icont. The predictions for the windings that are spatially closer to the
temperature sensor are also more accurate – the discrepancy between the TW and TŴ is
reduced.

Overall, the identification results indicate that the proposed model can be used to protect
the stator against thermal damage. Being designed conservatively, it tends to overestimate
TW . If the exploitation of the actuators full potential becomes critical, model parameters
that compromise between the windings could be chosen. Still, as the identification setup
poses an artificial setup, its aptness has to be evaluated when the motor is actively current
controlled and commutated by the Elmo servo drive. However, the dynamics of the thermal
behavior suggest that an additional I2T model as suggested in Section 4.1.6 is not needed.
The embedded system is capable of sampling the Pt1000 with a frequency that makes the
additional model obsolete.
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(a) RRLab SEA 70– 2 ∗ Icont
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(b) RRLab SEA 70– 3 ∗ Icont
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(c) RRLab SEA 50– 2 ∗ Icont

Figure 4.57: Thermal behavior of the RRLab SEA 70 for (a) 2 ∗ Icont and (b) 3 ∗ Icont and the RRLab
SEA 50 for 2 ∗ Icont. The plots show the body temperature TB , the sensor temperature TBS, the
measured winding temperature TW , and the winding temperature TŴ S estimated by the fitted
model for each motor winding being exposed to the full current.
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4.3.3 RRLab SEA– Closed-Loop Performance

The closed-loop control consists of two cascades – the inner force-loop and the outer
impedance loop. Therefore, the following depicts a set of experiments that illustrate the
properties of the encapsulated actuation units. They emerge from the interplay between
the RRLab SEAs’ open-loop dynamics and the embedded system.

4.3.3.1 Force Control

To quantify the closed-loop force control performance, the literature mostly provides the
Bode plots and the step responses of the high-impedance condition [Paine 14a, Paine 15a,
Orekhov 15, Robinson 00, Hutter 13, Hutter 17]. While the Bode plot illustrates the control
bandwidth, the step response illustrates the reactiveness and quality of the controller.

To quantify the control performance and to be able to compare among different SEA designs,
the experimental results have to be accompanied by further information – the stiffness of
the elasticity, the force amplitude of the reference signal, and the maximum motor current.
As mentioned in Sections 4.1 and 4.2, the stiffness of the series elasticity is a primary
determinant of the bandwidth of the force control. The more compliant the elasticity, the
more the spring has to be deflected to establish a desired output force.

However, even for a very compliant elasticity, a SEA is capable of producing small forces
(compared to its maximal continuous force) at a large bandwidth. Thus, as pointed
out by Robinson, it has to be distinguished between the small and the large force band-
width [Robinson 00]. Although Robinson introduces the terminology, no exact definition is
provided – in the sense of absolute or relative amplitudes.

With increasing force amplitudes, the current or the velocity saturation of the EM motor are
limiting the achievable bandwidth. Consequently, the maximum current Imax that is applied
to the BLDC motor – and therefore the maximum EM force Fem – impacts the control
bandwidth. Hence, to provide useful information that makes the designs comparable, the
three values should be provided – the latter two are best given relative to the maximum
continuous values. Unfortunately, the literature often does not provide this additional
information.

Figures 4.58 to 4.60 show the Bode plots of the RRLab SEA 70 (medium and hard config-
uration) and of the RRLab SEA 50. For each actuator, the figures depict the bode plots
for various force amplitudes and current limits. As the figures show, all plots for higher
force amplitudes exhibit a rather abrupt decline in amplitude and phase above a specific
frequency. This decline is due to the current saturation that becomes effective at those
frequencies. At higher frequencies, the motor current is just alternating between ±Imax.
For none of the configurations, the combination of the high-impedance scenario together
with the investigated stiffnesses results in a velocity saturation – the motors do not reach
their maximum speed for the resulting stroke. Table 4.15 lists the achieved bandwidths for
all identification experiments.

Figure 4.58 illustrates the achievable bandwidths for the RRLab SEA 70 in star-serial
configuration and the hard stiffness. Three of the plots are recorded with a current limit
of 1 ∗ Icont and two with 2 ∗ Icont. The experiments show that doubling the current limit
allows for the rendering of almost double the force amplitude with the same bandwidth.
With 2 ∗ Icont, the RRLab SEA 70 is capable of rendering a force of 1000 N (1.12 ∗ Fcont) at a
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kp kd ki imax Max. Current Force Amplitude f3dB [Hz]
Rel. Abs. [N] Rel.

RRLab SEA 70– Medium Stiffness

4.0 0.01 1000 35

1.78 100 0.11 >80
1.78 250 0.28 72
1.78 500 0.57 53
1.78 750 0.85 45
1.78 1000 1.11 39.7
1.78 1200 1.41 37.5

RRLab SEA 70– Hard Stiffness

5.0 0.015 1000 35

1 50 0.06 >80
1 300 0.34 58
1 600 0.67 45
2 100 0.11 >80
2 1000 1.12 47.5

RRLab SEA 50

6.0 0.03 500 10

1 15 0.04 50
1 50 0.14 44.5
1 150 0.42 44.5
1 250 0.71 37

Table 4.15: The achieved closed-loop bandwidths of the RRLab SEAs for various force amplitudes.
For the RRLab SEA 70, the data is given for two spring configurations – medium and hard. Addi-
tionally, the controller gains, the windup limit of the integral, and the maximum motor current is
given.

bandwidth of 47.5 Hz. With 1 ∗ Icont and 600 N (0.67 ∗ Fcont), the current saturation becomes
effective at 45 Hz.

Figure 4.58 depicts the achievable bandwidths for the RRLab SEA 70 in star-parallel
configuration and the medium stiffness. The continuous current of the RD 70x18 in star-
parallel configuration is 14 A. The maximum continuous current the Elmo Gold Twitter
25/100 can supply is 25 A. Although the servo drive can provide a peak current of 50 A,
the current is limited to 1.78 ∗ Icont for all experiments. Thereby a corruption of the
performance due to a thermal limitation of the output stage is avoided. The plots illustrate,
how the bandwidth decreases with the force amplitude. While it is possible to render
250 N (0.28 ∗ Fcont) with up to 72 Hz, at 1000 N (1.11 ∗ Fcont) the bandwidth is reduced to
39.7 Hz. Due to the higher compliance and the lower current limit, the bandwidth is smaller
compared to the same force magnitude of the hard configuration.

Figure 4.58 depicts the achievable bandwidths for the RRLab SEA 50 in star-serial configu-
ration and the standard stiffness. All experiments are conducted with a current limit of
1 ∗ Icont. The plot with a force magnitude of 150 N shows the decline caused by the force
saturation at 44.5 Hz. However, all plots illustrate a more pronounced continuous decline of
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Figure 4.58: The Bode diagrams illustrating the closed-loop performance of the RRLab SEA 70
in the hard spring configuration at different force amplitudes. The data is recorded with a RD in
star-serial configuration a current limit of 2 ∗ Icont during all experiments. The controller gains are:
kp = 5.0, kd = 0.015, ki = 1000, and imax = 35.

the magnitude and the phase compared to the RRLab SEA 70. The decline is most probably,
caused by the lower stiffness which leads to increased velocities due to the higher stroke.
Hence, the effect of the damping – bm and bs – is more pronounced.

Figure 4.61 illustrates the step responses of the RRLab SEA 70 in star-parallel configuration
with medium stiffness. The current is limited to 1.78 ∗ Icont. The settling times – the time
till the output stays within a 90 % envelope – are listed in Table 4.16. In Figure 4.61, the
90 % thresholds are indicated by the dotted vertical lines. The plots illustrate that the PID
control almost produces no overshoot. Only for a step amplitude of 1570 N (1.78 ∗ Icont), a
small overshoot can be observed. This characteristic is due to a conservative adjustment of
the controller gains. Increasing the controller gains, the current limit, or the stiffness of
the spring system could further reduce the settling times.

Comparison to the ANYdrive

Unfortunately, none of the literature about SEAs outlines the closed-loop performance and
provides all the relevant information as detailed above. Still, to provide a reference for the
RRLab SEA performance, Table 4.17 lists the data of the ANYdrive. The ANYdrive is the SEA
designed for the ANYmal quadruped developed by ANYbotics AG21 – a spin-off company of
the Robotic Systems Lab (RSL), ETH Zurich. [Hutter 17]. Unfortunately, the SEA’s stiffness
is not published – neither in the related publications nor on the website. Although neither
the continuous nor the maximum current are given explicitly, it is estimated from the

21https://www.anybotics.com/

https://www.anybotics.com/
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Figure 4.59: The Bode diagrams illustrating the closed-loop performance of the RRLab SEA 70 in
the medium stiffness at different force amplitudes. The data is recorded with a RD in star-parallel
configuration. Due to limitations of the Elmo Servo Drive, the current is limited to 1.78 ∗ Icont. The
controller gains are: kp = 4.0, kd = 0.01, ki = 1000, and imax = 35.

ratio of the peak to the continuous torque to 2.67. The underlying assumption is that the
peak torque results from the maximum current and is not limited by software. For the
latter case, the given data is an overestimation of the ANYdrive performance. From the
plots of the impact behavior, it can be derived that the current saturates slightly above
15 A [Hutter 17]. Furthermore, two of the bandwidths are not explicitly given by Hutter et
al. and are therefore estimated from the published Bode diagram [Hutter 17].

Although it is generally difficult to compare a rotational to a linear design, the closed-
loop bandwidths in the high-impedance setup are comparable. E.g., at a relative torque
amplitude of 0.66 ∗ τcont and a maximum of 2.66 ∗ Icont, the ANYdrive achieves a bandwidth
of 45 Hz. In comparison, the RRLab SEA 70 in the hard configuration achieves the same

Step Amplitude Settling Time [ms]
Abs. [N] Rel.

400 0.45 9.0
800 0.91 11.0
1200 1.36 12.3
1570 1.78 13.5

Table 4.16: The closed-loop step responses of the RRLab SEA 70 for several force amplitudes. The
experiments are conducted with the RD in star-parallel configuration, the medium stiffness, and a
current limit of 1.78 ∗ Icont.
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Figure 4.60: The Bode diagrams illustrating the closed-loop performance of the RRLab SEA 50 in
star-serial configuration at different force amplitudes. All experiments are conducted with a current
limit of 1 ∗ Icont. The controller gains are: kp = 6.0, kd = 0.03, ki = 500, and imax = 10.

bandwidth with a current limit of 1 ∗ Icont. In the medium configuration, the RRLab SEA 70
is capable of rendering a force with a relative amplitude of 0.85 ∗ Fcont and a maximum
relative current of 1.78 ∗ Icont up to the same frequency. With a current limit of 1 ∗ Icont, the
RRLab SEA 50 can render a force relative force of 0.42 ∗ Fcont up to a frequency of 44.5 Hz.
Thus, it can be assumed that by increasing the current limit, the RRLab SEA 50 reaches at
least a similar performance as the ANYdrive.

Hutter et al. found a settling time of 13 ms for a 10 N m (0.67 ∗ τcont) step and 35 ms for a
40 N m (2.67 ∗ τcont) step. Notably, the step responses of the ANYdrive are characterized
by a more pronounced overshoot – even for smaller step amplitudes. The overshoot
indicates higher controller gains. Thus, despite the lower current limit, the RRLab SEA 70
outperforms the ANYdrive regarding the settling times. Again, it should be noted that the
comparison lacks the knowledge of the ANYdrive’s physical stiffness.

Rel. Max. Current Torque Amplitude [N m] Bandwidth [Hz]
Abs. [N] Rel.

2.67* 1 0.06 70
2.67* 3 0.2 40*
2.67* 5 0.33 53*
2.67* 10 0.66 45

* – Estimated

Table 4.17: The closed-loop bandwidths of the AnyDrive for various torque amplitudes.
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Figure 4.61: The step responses of a RRLab SEA 70 with medium stiffness for various force ampli-
tudes. The data is recorded with a RD in star-parallel configuration. Due to limitations of the Elmo
Gold Twitter 25/100, the current limit is 1.78 ∗ Icont. The dotted vertical lines indicate the 90 %
threshold relevant for the estimation of the settling time.

Overall, the closed-loop bandwidths, achieved with the investigated stiffness configurations,
exceed the required bandwidth of 10 Hz (Section 2.4) even for high force amplitudes. There
is still room for improvement by increasing the current limit of the RDs.

Energy Consumption

To get a feeling for the system’s energetic behavior, the following provides a short compari-
son of the input power and the output power of the force controlled system. Therefore, an
incremental chirp signal is given to the system as a force reference. The signal starts at a
frequency of 2 Hz that is increased in 2.5 Hz increments up to 49.5 Hz. At each frequency,
twenty oscillations are generated to mitigate transient effects. A constant amplitude of
800 N is maintained throughout the sweep.
The power inserted by the motor is

Pin = Femẋm. (4.117)

The power acting in the spring system is considered the output power

Pout = Fsẋs. (4.118)

As both movements are coupled (xs = xm) in the high impedance scenario, the ratio of the
input and output power when rendering a force at a certain frequency is

rP = Fs

Fem

. (4.119)

The EM force can be derived from the motor current via

Fem = ktIN, (4.120)
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where N is assumed to be the ideal theoretical value (Equation (4.103)).

Figure 4.62 shows the FFTs of Fem and Fs recorded during the incremental chirp of a RRLab
SEA 70 with the hard stiffness configuration. The dots at each peak indicate the amplitude
of Fem respectively Fs. At 2 Hz, the ratio between the two peaks is 0.9 – the ball screw
efficiency identified in Section 4.3.2.1. With increasing frequency, the ratio is increasing as
well. At 24.5 Hz – thus close to the open-loop resonance at 23.9 Hz – the ratio reaches 5.7.
Thus, the control and consequently the motor has to insert only little EM force to produce
the 800 N spring force. Increasing the frequency further, the ratio is decreasing. At 35 Hz,
the ratio again equals initial ball-screw efficiency; at a frequency of 49.5 Hz, it is 0.4.
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Figure 4.62: The FFTs of Fem and Fs obtained from a sweep of the force-controlled RRLab SEA 70
with the hard stiffness with an incremental chirp at twenty discrete frequencies – between 2 Hz to
49.5 Hz. The chirp signal has a constant amplitude of 800 N. The dot marks indicate the peaks of
the two forces at the discrete frequencies.

Figure 4.63 plots the ratios derived from the peaks over the frequency. As to be expected,
the shape resembles the open-loop bode plot.
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Figure 4.63: The ratios Fs over Fem obtained from a sweep of the force-controlled RRLab SEA 70
with the hard stiffness with an incremental chirp at twenty discrete frequencies – between 2 Hz to
49.5 Hz.

This further underlines the significance of the open-loop dynamics. A high resonance
frequency enables the efficient rendering forces at a wide bandwidth. Furthermore, the effi-
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ciency is influenced by the damping – primarily bm. If it is low, the resonator is characterized
by a high quality factor

Q =

√︂
(mc + mj)ks

bm + bs

. (4.121)

The higher Q is, the less energy is dissipated during an oscillation.

4.3.3.2 Impact Behavior

A dedicated experiment illustrates the impact behavior of the RRLab SEAs. Therefore, a
RRLab SEA 70 is mounted in the test-rig shown in Figure 4.64. Both, the distal and the
proximal output, are connected to two symmetrical pendulums. By adding weights to
their lower ends, the inertia of the pendulums can be varied. As the setup resembles the
two-port model proposed in Section 4.1.4, it allows for the investigation of the impact
tolerance of both, the proximal and the distal, outputs. The movements of both pendulums
are obtained via two 13 bit absolute encoders (Kübler Sendix F3673).

Figure 4.64: Double pendulum test bench used for the impact and the impedance experiments. By
adding or removing weights, the inertias of the two independent pendulums can be altered. From
[Schütz 16b].

A weight of 15 kg is added to one of the pendulums, while the second pendulum is left
without weights. In the initial state, the RRLab SEA is given a force reference of 0 N which
leads to both pendulums resting in their neutral position. From this initial state, a step of
50 N is passed to the force control. As a consequence, the low-inertial pendulum accelerates
until it impacts its end stop. This experiment is conducted with both outputs by changing
the weights to the other pendulum.
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Figure 4.65 shows the spring force FS and the joint angle Θ during the impact of the
proximal and the distal output. The plots of the spring forces show that the force control can
compensate the proximal impact faster – the controller reacts earlier, the force overshoots
less, and it settles more quickly around the 50 N reference value. The observations are a
result of the low-pass behavior of the chassis mass mc that is located between the output
force Fod and the spring force FS , as the latter poses the feedback for the closed-loop
control.
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Figure 4.65: The (a) spring forces and (b) pendulum angles during proximal and distal impacts in
the double pendulum setup. From [Schütz 16b]

A second difference can be derived from the pendulum movement. For both outputs, the
pendulums deflect beyond their resting position which indicates an elastic deformation of
the test rig. The higher overshoot during the distal collision indicates a more plastic nature
of the impact. Both observations support the difference in behavior of the two output ports
discussed in Section 4.1.4.

Furthermore, although the pendulums impact the frame at high speed, the resulting peak
forces are moderate. The spring force does not rise above 400 N and therefore does not
exceed half the continuous force of the RRLab SEA 70. Although the experiment has been
repeated several times, the actuator – and especially the ball screw – do not show any
sign of mechanical damage.
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4.3.3.3 Impedance Rendering

The double pendulum setup (Figure 4.64) is also used to illustrate the performance of
the impedance control. The desired impedance (compare to Equation (4.64)), given as a
reference to the impedance control, is

Zdes = 20 + 1000
s

. (4.122)

This corresponds to a virtual damping of 20 kg/s and a stiffness of 1000 N/m with the
equilibrium position of the virtual spring matching the neutral position of both pendulums.
At the beginning of the experiment, both pendulums are deflected to their mechanical
limits and then released. This experiment is conducted with two different inertia setups –
without any additional weights and with 10 kg added to both pendulums.

The recorded actuator length xl (xm + xs) is shown in Figure 4.66. The rendered output
impedance Zo can be estimated by fitting the recorded spring force FS and the actuator
length xl to the first-order TF

Yô = 1/Zô = xl

FS

= 1
b̂ + k̂

s

. (4.123)

The obtained impedances for the high inertia (HI) and the low inertia (LI) pendulums are

ZHI = 21.14 + 981.09
s

(4.124)

ZLI = 27.73 + 961.22
s

. (4.125)

The estimated impedance ZHI for the high inertia pendulums is closer to the desired
values. The damping is 5.7 % higher than desired, the rendered stiffness 1.9 % lower. For
the low inertia pendulums, the rendered damping is 38.7 % too high and the stiffness 3.9 %
too small. This result supports the negative influence of small load impedances on the
performance of the impedance control predicted theoretically in Section 4.1.4.
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Figure 4.66: Actuator lengths produced by the impedance control for a low-inertia and a high-inertia
pendulum. From [Schütz 16b]
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4.3.3.4 Thermal Protection

To validate the thermal model (Section 4.1.6) and the identified parameters (Section 4.3.2.5),
the model is deployed to the embedded system. The sampling frequency of the ADC22 –
625 Hz – dictates the update frequency of the model.
In the high-impedance setup, a RRLab SEA 70 is commanded to generate a force of 1784.2 N
(2∗Fcont). Figure 4.67 shows the recorded sensor temperature TS and the estimated winding
temperature TŴ . Starting from a temperature of 30 ◦C, the model estimates a winding
temperature of 70 ◦C to be reached after 70 s. At this point, the difference between TS and
TŴ is 20 ◦C. Thus, this matches the behavior that could be expected from the identification
in Section 4.3.2.5. Based on this result, the thermal model can be considered functional.
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Figure 4.67: Validation of the thermal model for the RRLab SEA 70. In the high-impedance setup a
force of 2 ∗ Fcont is generated and both TS and TŴ are recorded.

4.4 Discussion
To conclude, Table 4.18 lists the characteristic parameters of the RRLab SEA designs. The
table includes the properties with the RDs in star-serial and star-parallel configuration for
both actuators. Changing the configuration doubles the output power of the BLDC motors.
However, to emphasize it again, this increase in power comes with a set of drawbacks. At the
motor side, the reduced terminal inductances increase the losses due to transient current
ripples [Paine 14b, pp.55]. The increased losses might reduce the continuous force as the
motor has to dissipate more energy. Besides the increased losses, the lower inductances
decrease the controllability of the current.

Secondly, as the motor constant is halved, the current required to render the same torque
is doubled. Together with the lower terminal inductance, the high currents provoke higher
switching losses at the output stage of the servo drive. Furthermore, for instance, the
42 A peak current of the RD 70x18 in star-parallel configuration are technologically hard
to realize under limited dimensional constraints. Nevertheless, the power-to-weight and
power-to-volume ratios are doubled as a result of the doubled rotational speed.
22Analog Devices AD7792



4.4. Discussion 169

Table 4.18 does not include any performance indicators of the closed-loop control. The
performance of a SEA is dependent on a set of variables – stiffness, force amplitude, and
maximum current – that are difficult to describe by a single value. Still, as illustrated by
Figures 4.58 to 4.60, the achievable force bandwidths are well above the 10 Hz postulated
as a requirement in Section 2.4. Also, the step responses which are illustrated suggest a
reactiveness of the force control that should be sufficient for the rendering of a human-like
gait.
Overall, if increased performance is required, it should be noted that the derivative term
is the limiting factor for the performance of the closed-loop performance. Increasing
the derivative gain allows for an increase of the proportional gain and thereby extends
the bandwidth. This influence applies to the force as well as the impedance loop. The
digital differentiation amplifies the sensor noise. Thus, increasing the derivative gain kd

proportionally increases the noise that propagates to the enclosed cascades and can finally
be observed by acoustic noise caused by the EM field. This observation is supported by
other work on the closed-loop control of SEAs [Ressler 14, p.57]. Furthermore, increasing
the controller gains to improve the closed-loop performance and push the SEA beyond its
natural frequency increases the energy consumption [Radford 15]. Thus, the minimal gains
that allow for the required force bandwidth should be selected.
In two separate experiments, the impact tolerance and the impedance rendering of the
RRLab SEAs have been investigated. The RRLab SEA 70 is shown to be capable of mechan-
ically tolerating high-speed impacts at both outputs and compensate the impact forces
within 50 ms. The analysis of the impedance rendering supports the findings of Section 4.1.4
– small load impedances derogate the control performance. The rendering of the spring
constant is within 4 % of the desired value. For a low-inertia pendulum, the damping
deviates 39 % from the desired value – compared to 6 % for the high inertia pendulum.
Nevertheless, the performance is sufficient for a bio-inspired walking approach.
To compare the design properties of the RRLab SEAs with other linear SEA implementations,
Table 4.19 lists the main properties of the UT-SEA [Paine 14a], the THOR SEA [Knabe 14],
and the Yobotics SEA-23-23 [Pratt 08]. Additionally, Figure 4.68 depicts the comparison of
the core properties – the power-to-volume and the power-to-weight ratios, the linear speed,
the stroke, the lumped mass, and the lumped damping – graphically. If the properties differ,
the dark bars indicate the star-serial RD configuration, the lighter bars the star-parallel RD
configuration of the RRLab SEAs.
The figures illustrate that – even in the star-serial configuration – the RRLab SEA designs
feature power-to-volume ratios that are higher than in other implementations – at least
by a factor of 1.28. Unfortunately, no information about the bounding volume of the THOR-
SEA is provided in the literature. Therefore, the related parameters remain unknown. In
the star-serial configuration, the power-to-weight ratio is inferior to the design of the
UT-SEA and the THOR-SEA. The latter provides the highest power-to-weight ratio with
264.1 kg/W – 34 % higher than the RRLab SEA 70. The lower weight is most probably due
to the implementation of the serial elasticity as a bending beam. Compared to a design
relying on standard die springs, a bending beam involves less mechanical overhead, e.g.,
guiding. Regarding the linear speed and the stroke, the RRLab SEAs exceed the other
designs. Especially the higher stroke is beneficial for the integration into a leg design.
The most significant difference between the designs are the reflected inertia mj and the
reflected damping bm. Unfortunately, for the other SEA implementations, the literature
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only provides the lumped values (mJ + mc and bm + bs) obtained from high-impedance
experiments. Nevertheless, it can be assumed that the reflected drivetrain inertia and
damping are dominant. The lumped mass of the RRLab SEA 70 (39.2 kg) is at least one
magnitude smaller compared to the three other implementations. It poses 31 % of the SEA-
23-23’s inertia and even 11 % of the UT-SEA’s inertia. As the RRLab SEA 50 features even
smaller reflected inertia due to the smaller rotor and the 7075 rotor shaft, the difference is
even more pronounced.

Although it is not as pronounced as the inertia, the differences of the lumped damping
are considerable. The lumped dampings of the RRLab SEA designs are about 35 % and
16 % compared to the UT-SEA – the SEA that features the smallest damping of the three
other implementations. For the THOR-SEA, Orekhov et al. identified a damping that is
significantly higher [Orekhov 15]. A possible explanation for the high damping could be
the linear ball screw guide that is implemented by a PTFE bushing that moves in a carbon
fiber tube.
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Parameter RRLab SEA 70 RRLab SEA 50 Unit
SS SP SS SP

Operating Voltage U 54 [V]
Cont. Power P 309.4 618.8 202.5 405 [W]
Terminal Resistance* RT T 655.00 163.75 800.0 200.0 [mΩ]
Terminal Inductance* LT T 1350.0 337.5 820.0 205.0 [µH]
Electrical Time Constant τ 0.002 0.1 [s]
Motor Constant* kt 0.18 0.0893 0.098 0.05 [Nm/A]
Cont. Current* Icont 7.0 14.0 5.0 10.0 [A]
Peak. Current* Imax 21.0 42.0 15.0 30.0 [A]
Rotational Speed* ω 2450.0 4900.0 4083.3 8166.6 [rpm]
Ball-Screw Pitch* p 8 [mm]
Ball-Screw Ratio N 713.6 [N/Nm]
Ball-Screw Efficiency ηBS 91 [%]
Cont. Force Fcont 892.1 356.8 [N]
Peak Force Fmax 2676.3 1070.4 [N]
Linear Speed* vlin 326.7 653.4 544.4 1088.8 [mm/s]
Max. Stroke xmmax 0.113 0.135 [m]
Total Weight mtotal 1.58 1.03 [kg]
Bounding Volume V 0.59 0.35 [L]
Reflected Rotor Inertia mJ 38.0 9.1 [kg]
Reflected Rotor Damping bm 615.0 261.0 [kg/s]
Spring Damping bs 153.0 79.7 [kg/s]
Stiction Spring System µs 5.0 18.0 [N]
Sprung Chassis Mass mc 1.2 0.7 [kg]
Ball Screw Weight mod 64.5 70.7 [g]
Proximal Output Weight mop 120.0 45.0 [g]
Max. Pret. Spring Length lsmax 37.75 42.0 [mm]
Control Frequency fc Z–5/F–10/I–20 [kHz]
Spring Resolution resxs 0.156 [µm/bit]
Length Resolution resxl

0.171 [µm/bit]
Power-to-Volume rP −V 524.4 1048.8 578.6 1157.1 [W/L]
Power-to-Weight rP −m 195.8 391.6 196.6 393.2 [W/kg]
* – Based on data sheet information

Table 4.18: Characteristic parameters of the presented RRLab SEA Actuation Units.
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UT-SEA1 THOR-SEA2 Yobotics
SEA-23-233 Unit

Power P 275.6* 191.8* 158* [W]
Continuous Force Fcont 848 685 565 [N]
Linear Speed vlin 0.325 0.198 0.280 [m/s]
Stroke xmmax 0.060 0.085 0.084 [m]
Weight mtotal 1.16 0.726 1.25 [kg]
Volume V 0.67* - 0.44 [L]
Lumped Mass mJ + mc 360 294 128 [kg]
Lumped Damping bm + bs 2200 11660 2500 [Ns/m]
Power-to-Volume rP −V 411* - 395 [W/L]
Power-to-Weight rP −m 237.58 264.1 126.4 [W/kg]

1 From [Paine 14a, Zhao 15b]
2 From [Knabe 14, Orekhov 15]
3 From [Pratt 08, Pratt 02, Robinson 00]
4 Derived from diameter and length [Pratt 02]
* Estimated

Table 4.19: Key properties of the UT-SEA, the THOR-SEA, and the Yobotics SEA-23-23
for comparison to the RRLab SEA designs.
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Figure 4.68: Graphical comparison of the core properties of five linear SEA designs – the RRLab
SEA 70, the RRLab SEA 50, the UT-SEA, the THOR-SEA, and the Yobotics SEA-23-23. The light and
dark bars of the RRLab SEAs represent the star-serial and the star-parallel RD configurations.
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5. Proprioceptive Robotic Foot

Compared to the other subsystems, the design of the foot is somewhat independent of
the other subsystems. Nevertheless, its importance for the overall system’s performance is
significant. It must support a human-like dynamic gait structurally as well as sensory. Es-
pecially the structural properties impact the characteristics of the resulting gait. Therefore,
this chapter presents the elaborated solution for the foot subsystem. First, the requirements
are summarized, then an overview of the robotic feet presented in the literature is given.
Against this background, the developed implementation of CARL’s foot is introduced.

5.1 Requirements

Again, the three requirement categories – high-level, design dependencies, and domain-
specific – for the foot are summarized in the following. Compared to the other subsystems,
the foot is the most independent. Therefore, its design is mainly driven by the high-level
and domain-specific requirements.

5.1.1 High-level

The mechanical foot structure itself and the required sensory feedback are the most
fundamental of the high-level requirements. Most rudimentary, the foot structure provides
the support polygon of the robot. Regarding its kinematic structure, the foot of the simulated
biped in B4LC does not feature any DoFs. Nevertheless, in a physical implementation, it
could prove feasible to include one at the toes – either passive or active. This is further
supported by the requirement to mimic the wheel-like mechanism that can be observed
in the human counterpart. To do so, a heel- and a toe-rocker have to be implemented. In
humans, the toe-rocker partially results from the movement of the toe joint.

As the structural aptness of the foot influences the energy expenditure during walking, the
foot design impacts the efficiency of the overall system. Thus, it is desirable to implement
other passive mechanisms found in humans, such as the Windlass Mechanism, that further
promote the gait efficiency.
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Figure 5.1: Requirement map for the foot.

Regarding the sensory feedback required by the high-level control layers, the foot has
to provide the CoP position and the ground contact state. In the simulation, the latter is
derived from the combination of the CoP position and the CoP force. Therefore, those two
values are also determined as information that is required from the foot.

Furthermore, as it is the most distal element in the kinematic chain, the weight of the foot
system has to be kept low for a favorable weight distribution. As stated by Lohmeier, the
foot’s contribution to the overall leg inertia is significant [Lohmeier 10, p.168]. This also
implicates its function regarding the impact tolerance of the overall system. Being the
first element that contacts the ground during heel strike, the foot structure substantially
influences the shock forces that propagate to the leg structure and actuation.

5.1.2 Design Dependencies

The foot design is the most independent of the four subsystems. Thus, the design depen-
dencies are not as extensive as with other subsystems.

Actuator

As elaborated in Section 4.1.4, the decision for a SEA with proximal spring placement
entails the need for an elasticity at the most distal point in the kinematic chain. The
elasticity is required to complement the impact tolerance of the RRLab SEAs and protect
the ball screw in case of hard impacts. This further supports the foot’s role regarding the
impact tolerance of the overall system mentioned above.

Embedded System

The embedded system has to interface the sensory system integrated into the foot. In the
ideal case, the interface is handled by one of the embedded nodes used to encapsulate
the RRLab SEAs. This implies that the computational overhead caused by the foot sensor



5.2. State of the Art – Robotic Feet 177

is adequate to not interfere with the closed-loop control of the actuator. As the sensory
information of the foot is only required at higher control layers, it is not necessary to extract
the high-level sensory information at the level of the embedded system.

Leg Structure

The only design-dependency between the foot and leg structure is the mechanical interface
as the foot has to be mounted to the ankle joint.

5.1.3 Domain-specific

From a mechanical point of view, both, the foot and the sensor system have to sustain the
forces acting on it – especially the impact forces inherent to a dynamically unbalanced
gait. The mechanical overhead to implement the elasticity and other passive mechanisms
– e.g., the Windlass Mechanism – has to be kept minimal. Complex mechanical designs
directly result in an increased weight. Hence, the challenge is, to reconcile the functional
mechanisms with the requirement for low weight and a defined elasticity.

The same accounts for the sensory system – its weight should be minimal while maintaining
a high level of mechanical robustness. Regarding the required precision of the sensor system,
no exact value can be defined. The sensitivity of B4LC with respect to the precision of the
CoP position and the ground contact state has not been investigated in the simulation.
Being a reactive control approach, a relative accuracy between 5 % to 10 % is assumed to
be sufficient.

To summarize, Table 5.1 lists the requirements on the foot subsystem.

Requirements on the Robotic Foot Type

Implement heel- and toe-rocker HL
Mimic other passive mechanisms found in humans HL
Provide CoP position and ground contact state HL
Maintain low weight HL
Introduction of a distal elasticity DD-A
Interface the sensory system of the foot DD-ES
Provide mechanical interface to the leg structure DD-L
Mechanical robustness – sustain impact forces DS
HL – High-Level, DD – Design Dependency, DS – Domain Specific
A – Actuator, L – Leg, ES – Embedded System

Table 5.1: Summary of the requirements on the design of the robotic foot

5.2 State of the Art – Robotic Feet
In the literature, the foot design for bipedal robots is often put in second place. Compared
to the publications about, e.g., actuation approaches, the amount of dedicated publications
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on the design of robotic feet is small. This is somewhat surprising, as the human foot is a
very complex structure composed of twenty-six bones and thirty-one joints.

The passive dynamic walkers, pioneered by McGeer [McGeer 90], mostly imitate the wheel-
like mechanism of the human foot through stiff monolithic curved feet [Collins 05]. Most
of the more advanced bipeds’ feet, in contrast, are rigid flat monolithic plates. Often, they
are combined with a passive mechanism for shock absorption – for instance a rubber
layer. The information about the CoP is obtained through a six-axis FTS. A prominent
example are the feet of Honda’s ASIMO [Hirai 98, Sakagami 02]. More examples include
all HRPs (except for HRP-4C), WALK-MAN, THOR/ESCHER, Valkyrie, and TORO [Kaneko 11,
Negrello 15, Knabe 15, Radford 15, Ott 10]. Also STEPPR and PROXI/DURUS – although
specifically designed for an efficient gait – feature stiff feet [Mazumdar 16, Reher 16].

Recognizing the importance of the foot structure for a human-like gait pattern, lead to
research targeting more complex foot designs. In most cases, this led to the addition of
a toe joint. In the simplest case, a passive toe joint is added to an otherwise stiff flat
foot [Ogura 06]. An example of a more sophisticated design are LOLA’s feet. They feature
an active toe joint and a second joint at the heel [Lohmeier 10]. In combination with a
hydraulic damper, the heel DoF improves the energy dissipation during heel strike. The
geometric shape of the toe and the heel further imitates the wheel-like mechanism of
the human foot. To obtain the sensory information, a custom FTS is integrated into the
forefoot. Additionally, a force-sensitive resistor is integrated into each of the four heel and
toe pads. Excluding the ankle, lola’s foot weighs approximately 2.44 kg.

(a) (b)

(c) (d)

Figure 5.2: Illustrations of (a) Charlie’s foot (from [Daniel Kühn 16]), (b) IIT’s variable compliance
foot (from [Choi 16]), (c) Pneumat-BB’s foot (from [Narioka 12]), and (d) Waseda’s shoe-wearable
foot (from [Hashimoto 13]).

A similarly sophisticated design is the foot of the hominid robot Charlie developed at the
DFKI [Fondahl 12, Daniel Kühn 16]. To resemble the human foot, it is composed of five
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rigid bodies – a base, a heel, a forefoot, and two toes. Two passive DoFs are introduced
between the base and the heel as well as the base and the forefoot. The toes can actively
be moved downwards by Bowden cables connected to an actuator that is integrated into
the thigh. A COTS six-axis FTS (ATI mini45 1) is mounted on top of the foot. An array of
49 force-sensitive resistors is integrated into the foot sole. Furthermore, the distance to
the ground is measured by an optical distance sensor. To interface and process all sensor
data, a stack of three PCBs is located on the forefoot. Two of the PCBs are equipped with a
microcontroller. The electronics stack also incorporates a three-axis accelerometer. Without
the toe actuator and the FTS, the foot weighs 0.35 kg.

A foot with variable toe compliance has been developed at the IIT [Choi 16]. The ground
contact is established through three rubber balls – one at the heel, two at the toes. The
toes are implemented as leaf springs. Their free length can be altered by a roller assembly
driven by an actuator. Similar to LOLA’s foot, the sensory system consists of a custom
six-axis FTS located on top of the foot and three pressure-sensitive resistors – one under
each rubber ball. The foot weighs 0.52 kg without the FTS.

A pneumatically actuated foot system has been developed for the Pneumat-BB biped, see
Figure 5.2c [Narioka 12]. The design is composed of three rigid bodies connected by two
DoFs – one DoF mimics the flexibility of the midfoot, the second the toe joint. The ground
contact is established through three plastic domes that are aligned in a row – one at the
heel, one at the ball of the midfoot, and one at the toe. Therefore, the support polygon
established by a single foot is a line. A load cell is integrated at each plastic dome. The
foot includes four pneumatic muscles that actuate the DoFs. Besides the toe movement,
the actuation allows to actively modulate the Windlass Mechanism observed in humans.

To further benefit from the shock absorption of shoes, a robotic foot that is capable of
fitting shoes is presented by Hashimoto et al. [Hashimoto 13]. It implements a stiff heel, a
divided arch of which one half features a DoF, and two toes. All three DoFs are passive. In
contrast to the previous design [Hashimoto 10], the arch elasticity is realized using two
compression springs. The foot provides an interface for a FTS to provide the required
sensory information. Excluding the FTS, the overall foot weighs 0.85 kg.

Another approach for the implementation of the foot structure is the use of a COTS prosthetic
foot. Originally, the prostheses were designed for persons with lower limb amputations.
Nowadays, the state-of-the-art models are made from carbon-fiber composite materials.
Exploiting the inherent elasticity and damping of the carbon-fiber composite, the passive
dynamics of the prostheses are designed to mimic the natural function of the human foot
as closely as possible. Usually, they implement flexibility in the heel to absorb the initial
shock forces. The toe joint is imitated by the combination of a rocker and the compliance
of the forefoot. Additionally, the forefoot compliance enables the conservation of energy
stored during mid-stance that is released during late stance. Being entirely passive, no
additional energy can be introduced during the push-off. Therefore, they are often referred
to as esar (energy storage and return) feet. Notably, the prosthetic feet were originally
developed to imitate the whole ankle-foot complex – including the ankle DoFs in the
frontal and the sagittal plane. Being a COTS product designed for the use by humans, the
mechanical robustness and durability are ensured.

1http://www.ati-ia.com/

http://www.ati-ia.com/
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One example of a biped that integrates a prosthesis is BioBiped3. While its predecessors
implemented custom feet made from aluminum, the prosthesis was chosen for reasons of
robustness and durability. In BioBiped3, the prosthetic foot is combined with an COTS FTS
– also an ATI Mini45.

To be able to introduce additional energy – especially during the late stance phase –
and thereby improve the gait characteristics of lower limb amputees, active prostheses
have been developed. Mostly, they revolve around a prosthetic foot [Hill 13, Grimmer 16,
Bellman 08]. Some representatives are shown in Figure 5.3.

(a) (b)

(c) (d)

Figure 5.3: (a) The most recent design of the bionic ankle-foot prosthesis developed at the mit
in which the sagittal ankle functionality is modulated by a SEA, from [Hill 13]. (b) The Walk-Run
ankle developed by SpringActive, from [Grimmer 16]. (c) The self-contained powered knee and ankle
transfemoral prosthesis and (d) its sensorized foot, from [Sup 09].

After some design iterations, the prosthetic foot developed at the MIT combines a COTS
prosthesis with a SEA, see Figure 5.3a [Hill 13]. A carbon composite leaf spring implements
the series elasticity. The parallel elasticity included in previous designs [Herr 12] has
been omitted in the latest generation. The latest generation – the emPOWER Ankle –
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was commercially available from BionX Medical Technologies that has been acquired by
ottobock in 20172.

Similarly, the Walk-Run ankle developed by Springactive3 also uses a SEA in combination
with a carbon-fiber prosthetic foot, see Figure 5.3b. More active prostheses are becoming
commercially available, e.g. the Proprio Foot from ÖSSUR4 and the Triton Smart Ankle
from ottobock5. Being commercial products, no detailed information about the systems is
published.

An active lower-limb prosthesis that deploys a custom foot is the self-contained powered
knee and ankle prosthesis developed at the Vanderbilt University, see Figure 5.3c [Sup 09].
In contrast to the designs introduced above, the foot structure is rigid and manufactured
from 7075 aluminum. The two main elements are the toe and the heel beams that are
rigidly connected to a central fixture. Both beams incorporate four strain gauges that are
composed to a full bridge. Thereby, the deformations resulting from the ground contact
forces can be measured. The foot is designed to fit into a COTS soft prosthetic shell. Instead
of a SEA, the ankle is driven by an EM motor/BS combination with a parallel spring.

5.3 Concept
In the literature, the mechanical foot structure and the sensory systems are mostly treated
as two separate systems.

Regarding the foot structure, Eilenberg et al. show that the combination of a SEA with
a modern prosthetic foot is capable of mimicking the behavior of the human ankle-foot
complex. The observed ankle torque and ankle angle data are similar to the profiles of an
intact individual [Eilenberg 10]. As this resembles the situation in CARL, the deployment
of a COTS prosthesis seems to be an appropriate solution. Still, the inherent dynamics of
the prosthetic foot might have to be tuned to the robot – especially the robot’s weight.

The standard solution to obtain the required sensory information is a six-axis FTS. The
standard approach to the mechanical design of a FTS is to allow as much deformation as
necessary for the desired measurement range/resolution without introducing too much
elasticity. The high stiffness is desirable to keep the fundamental frequency of the sensor
high and therefore enable fast and accurate measurements without introducing excessive
inherent dynamics – e.g., elasticity.

A different approach is taken with the sensorized foot developed at the Vanderbilt Uni-
versity [Sup 09]. The sensory information is obtained from the deformation of the foot
structure itself. Thereby, no additional mechanical structure is added, and the two systems
– the foot structure and the sensory system – are merged.

Pursuing a similar concept for the sensory system, the idea of applying the strain gauges
to the foot structure is transferred to a prosthetic foot. This entails several advantages
compared to FTS-based solutions and the Vanderbilt sensorized foot. As the pronounced
elasticity in the prosthetic foot structure is desirable – in the heel for shock absorption, in

2https://www.ottobock.com/en/press/press-releases/bionx.html, accessed 02/2018
3http://springactive.com/
4http://www.ossur.com/
5http://www.ottobock.com/

https://www.ottobock.com/en/press/press-releases/bionx.html
http://springactive.com/
http://www.ossur.com/
http://www.ottobock.com/
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the mid/front foot for energy storage/release – it can be exploited for the measurement
of the required sensor information. The comparably big deflections of the carbon-fiber
structures result in high signal-to-force and consequently high signal-to-noise ratios. This
relieves the requirements on the subsequent signal conditioning. Furthermore, the weight
of the sensory system is neglectable – it does not increase the weight of the foot. This is a
very favorable property for dynamic bipedal locomotion.

5.4 Implementation
For the implementation, the low-profile prosthetic foot 1C63 Triton LP from ottobock was
chosen, see Figure 5.4. ottobock uses the prosthesis for the Triton smart ankle6. A single
beam implements the heel whereas two split beams form the forefoot. In contrast to most
other prosthetic feet, it forms a closed system – the heel and the forefoot are coupled
through a base spring made of high-performance polymer. Due to this coupling, the system
mimics the Windlass Mechanism described by Hicks [Hicks 54]. Furthermore, the prosthesis
is specifically designed to offer a high load-bearing capacity and a smooth rollover shape.

The foot is chosen with a length of approximately 230 mm without an additional foot-
shell. The 260 mm indicated by Table 3.2 are not directly applicable as the toes are not
implemented by an explicit joint. Instead, they are implemented by the rocker and the
elasticity of the forefoot. If the foot length or stiffness/dynamics proof to be inadequate, it
can be substituted for a bigger or stiffer foot at a later stage – a benefit of using a COTS
component. In this size, the prosthesis weighs 0.277 kg without any mechanical interface
towards the ankle joint.

A side-view of the foot structure is shown in Figure 5.5. As roughly outlined above, the
structure is implemented by three carbon-fiber parts – the split toe beam, the bended heel
beam, and a core plate. As indicated in Figure 5.5, of the three beams, the heel and the
toe are acting like a spring. The elasticity of the core plate, being comparably short and
thick, can be neglected. The fourth part, the polymer base, is also acting as a spring by
straightening. Thus, the structure can be considered a system of three coupled springs.

Strain Gauge Placement

As no in-depth information about the deformation of the foot is available from ottobock, a
suitable placement of the strain gauges has been identified through qualitative observations.
Figure 5.6 illustrates the foot’s deformation for a shifting load within the sagittal plane. A
manual press is used to apply a normal force to a steel plate that is mounted to the foot.
The deformation is visualized by comparing the shape of the loaded foot to its unloaded
shape.

Figures 5.6a and 5.6c illustrate effect of the base spring. Although the load is applied to
the heel or toe respectively, the opposite beam – toe or heel beam – is also deformed.
In an uncoupled system, this deformation would not occur. Figure 5.6b depicts that the
coupling stiffens the system significantly if the midfoot is loaded. Although a considerable
load is applied, the vertical displacement of the steel plate is not very pronounced.

6https://www.ottobockus.com/prosthetics/lower-limb-prosthetics/
solution-overview/triton-smart-ankle/, accessed 02/2018.

https://www.ottobockus.com/prosthetics/lower-limb-prosthetics/solution-overview/triton-smart-ankle/
https://www.ottobockus.com/prosthetics/lower-limb-prosthetics/solution-overview/triton-smart-ankle/
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Figure 5.4: The 1C63 Triton LP prosthesis from ottobock.

Base Spring

Toe
Beam

Core
Beam

Heel
Beam

Figure 5.5: Schematic structure of the ottobock 1C63 Trition LP prosthetic foot. It is composed of
the toe beam (purple), the core beam (gray), the heel beam (orange), and the base spring (blue).

Notably, the forefoot rocker in conjunction with the base spring affect the deformation
of the toe beam. When the load is shifted towards the toes, the forefoot roles onto the
ground. This results in a deformation of the toe beam that opposes the anticipated upwards
bending – the front part of the toe beam tends to bend downward. However, the toe beam’s
upper part shows the expected upward bending.

Based on those observations, three locations have been chosen. Two gauges are located
on the toe beam, one on the heel beam. During forefoot loads, the area of the toe beam
just before the end of the core beam shows the most significant deformation, as indicated
by the green marker in Figure 5.6c. In case of heel loads, the free part of the toe beam is
significantly bent downwards, see Figure 5.6a. Thus, the two strain gauges on the toe beam
are placed in those areas. In the following, the two locations are referred to as midfoot and
toe respectively. The third location is on the downside side of the heel beam – referred to
as heel. As indicated by the green marker in Figure 5.6a, this region of the heel beam is
subject to large deformations. To capture the CoP in the lateral plane as well, at each of the
three location two half-bridges are installed symmetrically to the middle plane of the foot.
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(a)

(b)

(c)

Figure 5.6: Quantitative illustration of the foot’s deformation for a normal force applied to the (a)
heel, the (b) midfoot, and the (b) forefoot. The black lines indicate the unloaded, the red lines
the loaded case. The green markers indicate the interesting areas for the application of the strain
gauges.



5.4. Implementation 185

For temperature compensation, a pair of two strain gauges with orthogonal orientation is
applied at the six points of interest. Figure 5.7 depicts the configuration.

Inner
Midfoot

Outer
Midfoot

Inner Toe

Outer Toe

Inner Heel

Outer Heel

Figure 5.7: The placement of the strain gauges on the prosthetic foot. Two half-bridges are applied
on each toe beam; two more are applied symmetrically on the heel beam. Adapted from [Dorosti 16].

Electronic Interface

For the reading of the strain gauge deformation, a dedicated amplifier has been developed.
It integrates an 8-channel ADC with a resolution of 16 bit, implements the complementary
six half-bridges, and the reference voltage for the Wheatstone bridges. Besides the outputs
of the six Wheatstone bridges, the ADC captures the reference voltage and the ground. The
PCB is shown in Figure 5.8. The ADC features an SPI interface. For electronic stability, the
SPI signals are also driven differentially using RS485 transceivers. This specifies the design
dependency on the embedded nodes – one of them has to be capable of interfacing the
ADC. On the level of the FPGA, this implies that an additional IP-Core has to be added to
the logic.

5.4.1 Deformation Analysis

In order to further analyze and characterize the deformation of the foot, the test setup
shown in Figure 5.9 has been used to exert defined forces on the foot. Therefore, a steel
plate has been mounted on top of the foot to which a normal force is applied using a
RRLab SEA 70. To guarantee normal forces, the RRLab SEA is guided by external linear
guides and the force on the plate is exerted through a ball unit. The ball unit allows for
relative movement between the steel plate and the test setup in all directions and therefore
accounts for the deformation of the foot. Neglecting some minor errors introduced by the
deformation of the foot, the projection of the point on the steel plate to which force is



186 5. Proprioceptive Robotic Foot

Figure 5.8: The PCB designed for the amplification and AD conversion of the six strain gauge signals.
The half bridges that are implemented on the PCB complement the strain gauges that are applied
to the foot.

applied equals the CoP in the foot surface. By shifting the foot under the ball unit, it is
possible to generate a CoP with a defined force at any position within the foot surface.
Using this setup-up and reading the strain gauge deformations, a better understanding
of the foot deformation can be obtained. The foot is discretely shifted under the ball unit
and a load is applied. The dots in Figure 5.10 indicate the grid of sampling points to which
the force has been applied. In the sagittal direction, there are 16 sampling points with a
distance of 10 mm. Accordingly, in the lateral direction, there are five sampling points with
a distance of 10 mm. This results in a sampling grid that covers most of the foot surface.
As shown, the grid can neither be extended all the way to the heel nor to the toes as this
causes a roll of the foot due to the rockers.
The strains recorded by the six gauges at a normal force of 500 N are shown in Figure 5.11.
Each plot shows the normalized strain signals recorded by the respective strain gauge
when the normal force is applied to the sampling points. The x-y-plane resembles the
sampling grid – and therefore the foot surface – defined in Figure 5.10. Negative strain
values correspond to elongation, positive strains to compression of the beam surface to
which the gauge is applied.
The two plots of the toe gauges – Figures 5.11a and 5.11b – confirm the influence of the
forefoot rocker observed above. The toe gauges are almost always elongated. If the force
is applied to the back of the foot this is due to the coupling to the heel beam by the base
plate; if the CoP is shifted towards the forefoot, the forefoot rocker maintains an elongation.
Only if the force is applied directly on top of the toe, a slight compression is measured.
Therefore the rocker mostly counteracts the compression one would intuitively expect.
The midfoot gauges in contrast are elongated for heel loads and compressed for forefoot
loads, see – Figures 5.11c and 5.11d. Therefore, a change in sign can be observed –
depending on the lateral position of the sampling point, the neutral position is around the
middle of the foot. In the lateral direction, the plane is inclined in the opposite direction
compared to the toe and the heel gauges. The strain gauge located opposite of the force
exposure is elongated more in case of heel forces and compressed less for toe forces.
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Figure 5.9: Test-setup used for the investigation of the prosthesis deformation for various CoP
positions. From [Dorosti 16].

Due to the coupling, the heel gauges behave very similar to the front gauges – see
Figures 5.11e and 5.11f. Elongation is measured for heel forces and a slight compression
for toe forces.

Notably, all plots indicate a somewhat linear relation between the measured strain and
the CoP position. The non-linearities, as well as the differences between the inner and the
outer gauges, can be caused by two reasons. Firstly, the different shape of the base plate at
the inner and the outer toe can cause different deformation. As the foot is a coupled system,
those deviations can propagate to all measurement points. Secondly, it is not guaranteed
that the inner and the outer strain gauges are applied exactly symmetrical. There might
even be deviations regarding the orientation with respect to the sagittal plane.

Figure 5.12 shows the strains recorded by the six gauges if a force from 100 N to 500 N is
applied to the 16 discrete x-positions in the center of the foot surface (y = 0). In contrast to
the plots shown in Figure 5.11, the surfaces do not resemble planes. While the strain rises
linearly with the force if it is applied at one position, the force-strain gradient changes with
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Figure 5.10: Illustration of the sampling grid used to analyze the foot deformation. At each sampling
point, a normal force is applied while recording the six strain signals.

the x-position. Although not shown the graphs for the other y-positions of the sampling
grids confirm this observation.

Hence, following this notion, the force-strain gradients of the eighty positions of the
sampling grid have been investigated. Therefore, a first-order polynomial has been fitted
to the recorded force and strain data of each strain gauge at each position of the sampling
grid. The six plots – again one plot for each strain gauge while the x-y-surface represents
the foot surface – are shown in Figure 5.13. As can be seen, all plots indicate a linear
dependency between the x- as well as the y-position and the strain-force gradient. Off
the six strain gauges, the plots of the toe gauges indicate a very linear relation. The
heel gauges, on the other hand, show a non-linear behavior in certain ranges of the foot
surface. If the non-linearities are inherent to the prosthesis’ behavior or the result of the
non-optimal positioning of the gauges, is to be further investigated.
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Figure 5.11: Deformation measured by the six strain gauges located on the foot when a force of
500 N is applied to the 80 discrete positions of the sampling grid. The plots indicate a linear relation
between the measured strain and the CoP position.
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Figure 5.12: Deformation measured by the six strain gauges when forces between 100 N and 500 N
are applied to the 16 discrete x-positions in the center of the foot surface (y = 0).
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(c) Inner Midfoot

0
5

10
15

20

1

2

3

4

5

−10

0

10

20

x [mm]y [mm]

Gr
ad
ie
nt
[1

/N
]

(d) Outer Midfoot
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(e) Inner Heel

0
5

10
15

20

1

2

3

4

5
−15

−10

−5

0

5

x [mm]y [mm]

Gr
ad
ie
nt
[1

/N
]

(f) Outer Heel

Figure 5.13: Force-strain gradients obtained when forces between 100 N and 500 N are applied to
the 80 discrete positions of the sampling grid.
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5.4.2 System Identification

Unfortunately, the above-gained insights from the deformation analysis do not reveal
simple explicit relations between the strains and the CoP position and force. While the
coupled prosthesis is advantageous regarding its structural properties, it complicates the
extraction of the desired sensory information. In this regard, an open system – i.e., a
prosthesis that features uncoupled heel and toe beams – might be better suited. Assuming
a similar linear behavior, it could be possible to extract the desired information similar to
the approach used in the B4LC simulation.

Nevertheless, a more dense data set is required for the identification of the more complex
relations between the measured strains and the values of interest. To obtain this, the Wii
Balance Board (WBB) from Nintendo7 is used. It is a low-cost alternative to laboratory
grade force plates that outputs the CoP and the respective normal force sampled at 100 Hz.
Bartlett et al. found a repeatability of single measurements within one WBB to be 4.5 N
and 1.5 mm [Bartlett 14]. Huurnink et al. found that – for slow movements – the accuracy
of the WBB is sufficient to quantify CoP trajectories and the normal force [Huurnink 13].

Thus, using the setup shown in Figure 5.14, a dense data cloud has been gathered. Again,
the steel plate mounted on top of the prosthetic foot is used to exert forces on the foot. For
repeatability among different data series, reference objects are glued to the WBB surface to
support the positioning of the foot. To not interfere with the foot deformation, the number
of references are kept minimal. Thus, the heel of the prosthesis is placed in a cup, and
another reference is added to the inner side of the foot – at the height of the ball. Although
it might decrease the repeatability between the recordings, no references were added to
the outer side of the foot nor the front.

To capture the deformation of the foot, two fundamental conditions can be distinguished –
flat ground contact or edge contact. In the first case, the CoP is within the foot surface. In
the latter case, the CoP moves along its edges, and there is no full ground contact anymore.
If the foot is in heel and toe contact, the foot rolls onto the respective rockers.

The continuous input for the flat ground contact scenario is generated using a steel bar to
which a ball bearing is mounted. The bearing is rolled over the surface while generating
forces with various amplitudes, see Figure 5.14. To produce the data when the foot is on
one of its outer edges, the signals are generated by hand. Visual feedback of the CoP and
force recorded by the WBB via a FinGUI (see Appendix A) supports the generation of a data
set that covers a broad spectrum of CoP positions and forces.

To illustrate the data set, the reference data recorded through the WBB is illustrated in
Figure 5.15. As it is a three-dimensional data set, it is illustrated in three two-dimensional
subplots. Color emphasizes the two conditions – the red samples represent flat ground
contact, the blue samples edge contact. The first two plots show the applied force over the
CoP x- and y-position respectively – see Figures 5.15a and 5.15b. In Figure 5.15c, the CoP
x- and y-positions are plotted. Notably, the plot resembles the shape of the foot sole. The
blue samples dominate the areas at the back and the front. They correspond to the heel
and toe rocker respectively. The ranges of the recorded data are given in Table 5.2.

Using the recorded data, different approaches for the estimation of the CoP and its normal
force have been evaluated. The most obvious approach is to fit a polynomial model of n-th

7Nintendo, Kyoto, Japan
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(a)

Figure 5.14: Identification setup for recording the data of the flat ground contact with the Nintendo
WBB. A steel bar with a mounted bearing is used to exert forces on the foot. In the background, the
FinGUI that supports the generation of an dense dataset can be seen.

Value Max Min Range
x 214.4 mm −1.9 mm 216.3 mm
y 50.8 mm −30.0 mm 80.8 mm
F 719.87 N −0.65 N 720.52 N

Table 5.2: The maximum, minimum, and range of the CoP positions and normal force of the the
dataset obtained through the WBB.

order to the data. The second approach, which has been considered are NNs. They are
particularly suitable if the system behavior is only partially understood and thus cannot be
described precisely in a formal manner.

To ensure comparability of the results among the approaches, the data set is randomly
divided into three sets – a training set, a validation set, and a test set. The respective
ratio of the subsets is 0.6 : 0.2 : 0.2. During the training of the NNs, it is trained using the
training set while the validation set is used to prevent overfitting. The networks are trained
using the train function of Matlab’s Neural Network Toolbox using the Levenberg-Marquardt
approach and the mean squared error as a performance metric. In case of the polynomials,
the models are fitted to both the training and the validation data. Also here, the squared
error is used as a metric. The results of both approaches are evaluated using the test set.
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Figure 5.15: Illustration of the reference dataset gathered with the WBB identification setup. As
it is three dimensional data, it is shown in three separate plots – with respect to the (a) the CoP
x-position and the force, (b) the CoP y-position and the force, and (c) the CoP x- and y-position. The
red samples correspond to flat ground contact, the blue samples to edge contact.
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Force Estimation

For the estimation of the normal force that is acting at the CoP, the results of the fitted
polynomials are listed in Table 5.3. The table lists the number of estimated coefficients, the
mean error, the root mean squared error (RMSE), and the normalized root mean squared
error (NRMSE). While a first-order polynomial leads to a RMSE of 30.41 N, a second order
polynomial is already capable of estimating the force with a RMSE of 13.19 N. Considering
the force range given in Table 5.2, this corresponds to a NRMSE of 1.8 %. For higher order
polynomials, the improvement is not as significant – especially compared to the increase
in coefficients.

Order Coefficients Mean Error [N] RMSE [N] NRMSE [%]
1 7 0.5 30.4 4.2
2 28 −0.1 13.2 1.8
3 84 0.0 12.1 1.7
4 210 0.0 11.3 1.6

Table 5.3: The performance of the fitted polynomials to estimate the force acting at the CoP.

Neurons Weights Mean Error [N] RMSE [N] NRMSE [%]
2 17 0.0 14.4 2.0
3 25 0.0 13.3 1.8
4 33 0.0 12.3 1.8
5 41 −0.1 12.0 1.7
6 49 −0.1 11.8 1.6
7 57 0.0 11.7 1.6
8 65 0.1 11.6 1.6
9 73 0.0 11.5 1.6
10 81 0.0 11.5 1.6

Table 5.4: The performance of single-layered NNs to estimate the normal force acting at the CoP.

Due to the good performance of the polynomial fit, a single-layer NN is assumed to be
sufficient to estimate the force. The performance of NNs for up to ten neurons is given in
Table 5.4. Networks with more than three neurons result in lower RMSE than the second-
order polynomial, more than five neurons outperform the third-order polynomial. For
instance, an NN with ten neurons results in an NRMSE of 1.6 % The number of weights
of an NN with ten neurons (81) is similar to the number of coefficients of a third-order
polynomial (84). Overall, the system allows for a very accurate estimation of the normal
force.

Because of the best ratio between the number of coefficients and the resulting precision,
the NN with ten neurons is chosen for CARL. Therefore, Figure 5.16 shows its performance
in a more illustrative manner. The error of the estimation is plotted with respect to WBB
reference data. The force estimate shows the tendency to perform worse on the inner side
of the foot and better at the outside. Regarding the x-position, the performance is constant.
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Figure 5.16c shows that the error increases for small forces. This can be explained by the
smaller deformation and the decreased signal-to-noise ratio.

Overall, it can be assumed that the performance of the force estimation is sufficient for
the use in biologically-inspired control approaches. Even more so, as it is mainly used as
complementing information to determine if the foot is in contact with the ground or not.

CoP Estimation

Also for the estimation of the CoP-position, the same two approaches are considered.
The performance of the fitted polynomials is shown in Table 5.5. While a higher order
polynomial fit increases the accuracy of the x-position estimation, the y-position estimate
does not change. Using a fourth-order polynomial, the achievable NRMSE in x-direction is
4.6 %, in y-direction 27.7 %. Although the y-NRMSE is not relevant for the planar leg, the
polynomial approximation does not pose a suitable solution for unconstrained walking.
Notably, one polynomial approximates one CoP coordinate. Thus, two polynomials of the
respective order have to be used to obtain the full CoP position.

Order Coefficients Mean Error [mm] RMSE [mm] NRMSE [%]
x y x y x y

1 7 0.3 −0.5 24.5 14.1 11.3 17.4
2 28 0.1 −0.5 16.6 14.1 7.7 17.4
3 84 0.1 −0.5 12.2 14.1 5.7 17.4
4 210 0.1 −0.5 9.8 14.1 4.5 17.4

Table 5.5: The performance of the fitted polynomials to estimate the CoP position.

Neurons Conf. Weights Mean Error [mm] RMSE [mm] NRMSE [%]
In Out x y x y x y

5,5 s x 71 −0.1 - 8.2 - 3.8 -
10,10 s x 191 −0.1 - 8.0 - 3.7 -
5,5 s y 71 - 0.0 - 3.0 - 3.7
10,10 s y 191 - 0.1 - 2.7 - 3.4
5,5 s x,y 77 0.0 0.1 8.0 3.7 3.9 4.6
10,10 s x,y 202 −0.1 0.0 8.0 3.1 3.7 3.9
5,5 s,F x,y 82 0.0 0.0 8.0 3.6 3.8 4.5
10,10 s,F x,y 212 −0.1 0.0 7.7 3.1 3.5 3.9

s: strains, F: force, x: x-position, y: y-position

Table 5.6: The performance of two-layered NNs with different configurations estimating the CoP.

As even high-order polynomials are not capable of estimating the y-position of the CoP,
NNs with two hidden layers are considered as an alternative. To estimate the CoP, there
are several possible NN configurations. Either two nets can be deployed to extract the x-
and y-position separately or a single NN extracts both positions. Furthermore, considering
the good performance of the force estimation, it can be used as an additional input to the
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Figure 5.16: Illustration of the performance of the force estimation using a NN with one hidden
layer and ten neurons. As it is three dimensional data, it is shown in three separate plots – the
force error with respect to the WBB (a) CoP x-position, (b) CoP y-position, and (c) force.
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CoP-NN. Thus, in total four configurations have been considered – two separate NNs for
x and y, a single NN for x and y, and a single NN for x and y with the estimated force as
an additional input. Each configuration has been trained with up to ten neurons on each
hidden layer. The only constrain regarding the number of neurons on the first layer (NL1)
and second layer (NL2) is

NL1 ≥ NL2. (5.1)

Table 5.6 lists an excerpt of the achieved performances. Although not listed, it can be
stated, that more neurons on the first and the second layer increase the accuracy of the
estimation. To quantify the performance increase, the numbers for NNs with five and ten
neurons on each layer are given. Compared to the polynomial fit, the estimation of the
y-position is significantly improved. The best x-estimate – with an NRMSE of 3.5 % – is
obtained by using a combined NN (strains and force as inputs, x and y as outputs) with ten
neurons on each hidden layer. This NN estimates the y-position with an NRMSE of 3.9 %.
The best y-estimate – with an NRMSE of 3.4 % – is achieved by a separate NN (strains as
inputs, y as output) with ten neurons on each hidden layer. Therefore, the combined NN
with two layers of ten neurons each is implemented for the CoP estimation. Compared to a
fourth-order polynomial, the x- as well as the y-estimates are better while the number of
coefficients is comparable.

To illustrate its performance, the euclidean error distance is used

e =
√︂

(xNN − xW BB)2 + (yNN − yW BB)2. (5.2)

Again, it is plotted with respect to the reference CoP position and force obtained from the
WBB. As shown in Figure 5.17, the characteristic of the error distribution is similar to the
force estimation – see Figure 5.16. Plotting the Euclidean error over the x-position depicts
an error distribution that decreases towards the forefoot. For the y-position, the Euclidean
error tends to be bigger towards the inner foot. As with the force estimation, the error
of the CoP estimation is more significant for small forces – most probably caused by the
decreased signal-to-noise ratio. For high forces, the deviation is decreasing significantly.
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Figure 5.17: Illustration of the error resulting from the CoP estimation using a combined NN with
two hidden layers and ten neurons each that uses the strains and the estimated normal force as
inputs. The euclidian distance of the estimate is plotted with respect to the reference (a) CoP
x-position, (b) CoP y-position, and (c) force obtained from the WBB.
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5.5 Experiments

To asses the functionality of the final system, it has been tested against the reference output
obtained from the WBB. Therefore, the two NNs have been implemented in C++/Finroc. At
the level of the FPGA, the ADC is interfaced by a dedicated IP-Core and the digital signals
are preprocessed – mainly filtering and offset removal.

Two trials were performed to capture the system’s behavior. The first equals the identifi-
cation setup used to gather the training data in which the foot is placed directly on the
normal WBB surface. In the second trial, a thin rubber is placed between the foot sole and
the WBB surface. Doing so, the influence of the altered friction coefficient and its influence
on the deformation of the prosthesis can be investigated.

The achieved accuracy of the two trails is given in Table 5.7. It can be observed that in both
trials the absolute and the relative RMSE of the force are lower than the results from the
test data. Also, the x-estimate without rubber is better than anticipated. This improvement
might be because the prosthesis is always in flat ground contact during the trails. Even
with rubber, the RMSE of 7.86 mm is similar to the value obtained from the test data. Only
the y-estimation performs worse but is still close to the range anticipated from the test
data. Interestingly, the y-RMSE of the trial with rubber is smaller than without – 3.88 mm
compared to 3.56 mm.

Surface Mean Error RMSE NRMSE
F [N] x [mm] y [mm] F [N] x [mm] y [mm] F [%] x [%] y [%]

WBB 0.86 −0.68 0.51 5.63 6.07 3.88 0.8 2.9 5.3
Rubber −4.16 −5.09 1.33 7.51 7.86 3.56 1.0 4.1 5.4

Table 5.7: The performance of the NNs implemented in Finroc. The two data series have been
recorded on different surfaces – one on the normal WBB surface and another one with a thin layer
of rubber placed between the foot and the WBB.

The data series of both trials are shown in Figure 5.18 and Figure 5.19. The visualization
confirms the numerical values. In both cases, the sensory system is tracking the reference
values provided by the WBB accurately. Even in case of low forces, as it is the case at the
beginning of the WBB trial, the estimation is accurate.

As it is possible to obtain the CoP position and force with sufficient accuracy, the information
can be used to derive the ground contact state. Using a threshold for the force indicates if
the foot is in contact with the ground. If the CoP force exceeds the threshold, the according
CoP position delivers the information on which part of the foot is in contact. This again
requires additional position thresholds that define when the foot transitions onto its edges.
In case of planar walking, at least two thresholds for the CoP x-position are necessary
– one that determines the transition between flat ground contact and heel/toe contact.
Similarly, for unconstrained walking, two more thresholds for the y-position of the CoP
indicate when the foot moves onto its outer edges.
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Figure 5.18: Data series of (b) the CoP x-position, (a) the CoP y-position, and (c) the normal force of
the final implementation of the NNs in Finroc. The blue lines represent the reference data from the
WBB, the orange lines the output of the respective NN. The data is recorded on the normal surface
of the WBB.

To summarize, the proprioceptive foot developed for CARL is introduced above. To meet
the requirements originating from the high-level control system regarding its structural
properties, a COTS prosthetic foot has been evaluated as the most suitable solution. The
primary structure of the 1C63 Triton LP prosthesis from ottobock is made from carbon-fiber
composite materials. Its inherent flexibility implements the distal compliance required
to improve the impact tolerance of the RRLab SEA. Additionally, the toe and the heel
are coupled through a polymer base plate. This setup mimics the Windlass Mechanism
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observed in humans. The shape of the base plate implements the desired roll over shapes
at the heel and the toes that allow for smooth transitions between stance and swing phase.

To extract the required sensory information – the CoP position, CoP force, and the ground
contact state – a novel approach is presented. Instead of integrating an additional sensory
system, the deformation of the foot structure itself is used to derive the desired information.
Therefore, six strain gauges are applied through which the deformation can be captured.
Using this arrangement, the deformation of the foot with respect to the CoP and its normal
force is depicted.

To obtain the desired information two approaches have been investigated – the fitting of
an n-th order polynomial and NNs with varying layer configurations. Therefore, a dense
dataset has been recorded by using a WBB that enables the fitting/training. Two NN –
one for the force estimation and one for the CoP estimation – have been identified as the
aptest solution. The obtained accuracy allows for the extraction of the CoP position and
the ground contact state.

As stated above, the application of the conceptual approach could be applied to a prosthesis
with an uncoupled structure. It can be assumed that this facilitates the extraction of the
sensory information.
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Figure 5.19: Data series of (b) the CoP x-position, (a) the CoP y-position, and (c) the normal force of
the final implementation of the NNs in Finroc. The blue lines represent the reference data from the
WBB, the orange lines the output of the respective NN. For the recording, a thin rubber is placed
between the prosthesis and the WBB surface.
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6. Leg Structure

Fully actuated, compliant robotic legs that feature mono- as well as biarticular actuation
are sparse. Thus, the following details the design of CARL’s leg structure. The leg structure
provides the framework for the other subsystems and integrates them into a functional
entity. In the ideal case, the leg structure integrates the other subsystems in a symbiotic
manner, e.g., by deploying cutting-edge manufacturing technologies like 3D metal printing.
In case of CARL, being the first prototype developed as a proof of concept, the design of
the leg structure is mainly driven by the functionality. Thus, the design is reduced to fulfill
the necessary functional requirements.

6.1 Requirements

As for the other subsystems, the following outlines the three requirement categories – high-
level, design dependencies, and domain-specific. The leg structure is the subsystem that is
– compared to other subsystems – to a high degree driven by the design dependencies to
the other subsystems.

6.1.1 High-level

With respect to the high-level requirements, the design of the leg structure has to meet
the requirements regarding the range of motion, the human-likeness of the kinematic
layout, and a similar weight distribution. Table 2.1 lists the minimal ranges of motion of
the three joints. Targeting a leg that resembles the biological counterpart of a human
with a height of 1.7 m and 75 kg, Table 3.3 lists the respective segment lengths, masses,
and CoMs. The linear RRLab SEAs have to be coupled to the joints in a way that fits the
high-level requirements on joint torque and velocity. In this context, the integration of the
biarticular actuation units is particularly challenging.

To fully support a human-like dynamically unbalanced gait, the leg structure has to be
capable of tolerating the impacts. Furthermore, the leg has to integrate a sensory system
that captures the joint positions and velocities.
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Figure 6.1: Requirement map for the leg structure.

6.1.2 Design Dependencies

As mentioned above, the leg structure is the subsystem that has to be designed around the
other subsystems.

Actuator

The proper integration of the actuation units is the core requirement on the leg structure.
With the RRLab SEAs being linear bidirectional actuators, this entails specific requirements
on its design. Additional transmission mechanisms are necessary to drive the joints – either
simple crank arms or more complex linkage mechanisms. Five of the linear SEAs have to
be integrated into the leg – three monoarticular actuators that only span one joint and two
biarticular units that span two joints. The integration has to be solved in a manner that
avoids functional or spatial interference between the actuation units or the leg structure
itself.

The low output impedance of the RRLab SEAs reduces the impact forces that propagate
to the leg structure and therefore lower the requirement on structural robustness. If the
leg does not impact the ground in a singular position, the low output impedance of the
actuators that are coupled to the joints mitigates the impact forces.

Embedded System

The only explicit functional dependency between the embedded system is – similar to the
foot – the interfacing of the joint sensor. Although the embedded nodes are envisaged to
be distributed within the leg structure to establish a physical collocation that promotes
electronic robustness, a tight mechanical integration of the embedded nodes in the leg
structure is not a primary concern at this stage. Nevertheless, the embedded nodes should
not interfere with the overall weight distribution of the leg segments.
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Foot

The only design-dependency between the leg structure and the foot is the mechanical
interface at the ankle joint. The inherent compliance of the foot reduces the impact forces
that propagate to the leg structure and therefore further lowers the requirements in that
regard. In contrast to the low output impedance of the actuators, this positive effect is
independent of the leg configuration.

6.1.3 Domain-specific
Primarily, the leg structure has to be mechanically stiff. A deformation of the structure can
either result from the interaction forces with the environment or the internal actuation
forces. Both, bending as well as torsion of the leg structure, have to be mitigated.
The joints and gear mechanisms within the leg have to be designed carefully. Especially in
the crank mechanisms through which the RRLab SEAs are acting on the joints, the backlash
has to be minimized. An excessive backlash would negatively impact the rendering of the
joint behavior. Furthermore, to support the general strive for efficiency, the damping within
the leg structure has to be minimized. Together, the two requirements suggest the use of
ball bearings. Compared to plain bearings, they can be pretensioned to reduce the backlash
and still exhibit little friction/stiction.
Another technicality that can potentially introduce damping is the cabling. As the cables
have to span the joints, they potentially influence the passive joint dynamics. This has to
be considered when choosing and routing the cables within the leg structure.
Table 6.1 summarizes the requirements on the leg structure.

Requirements on the Leg Structure Type

Resemble human-like kinematic layout and weight distribution HL
Range of motion HL
Establish desired joint torque/velocity HL
Mechanical robustness – tolerate impact forces HL
Integrate five RRLab SEAs – mono- and biarticular DD-A
Integrate the distributed embedded nodes DD-ES
Provide mechanical interface to the foot DD-F
Mechanically stiff against bending and torsion DS
Low damping and backlash DS
Suitable cable routing DS
HL – High-Level, DD – Design Dependency, DS – Domain Specific
A – Actuator, F – Foot, ES –Embedded System

Table 6.1: Summary of the requirements on the design of the leg structure.

6.2 State of the Art – Robotic Leg Structures
Looking at the designs that are presented in literature, it can be – very coarsely – distin-
guished between two design approaches. Either the segment structures feature a central
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bone-like element or they exhibit a box-like structure. In the latter case, the load-bearing
elements form the outer shape of the segment while the actuation is mostly placed within
its bounding volume. Of course, there are hybrid designs that cannot be attributed to one
of those categories. Two examples for robotic leg structures that are based on bidirectional
linear SEAs are THOR/ESCHER [Lee 14] and M2V2 developed at the MIT [Paluska 00].

(a) (b)

Figure 6.2: Two examples of robotic leg designs that are based on linear SEAs – (a) Virginia Tech’s
THOR (from [Knabe 14]) and (b) IHMC’s M2V2 (from [Pratt 09]).

The leg segments of M2V2 are built around a bone-like central pipe, see Figure 6.2b. The
SEAs of the lower limb are arranged left and right of the central pipe. All actuators are
connected to the joints via simple crank arms. An exception is the hip pitch actuator –
it acts on the joint via a cable/pulley design. Two parallel SEAs located in the shank are
actuating the ankle joint. The knee actuator and the hip-pitch actuator are integrated
alongside the thigh pipe. The actuators for the hip roll and yaw are located in the trunk.

The leg structure of THOR is more complex, see Figure 6.2a. As introduced in Section 3.2.2,
the hip roll and yaw axis and the two DoFs of the ankle are actuated by two parallel SEAs
each. In case of the hip, the two SEAs are integrated into the trunk; at the ankle, they
are arranged on both sides of the central shank beam. At those DoFs, the actuators are
connected to the joints through simple crank arms. The SEAs acting on the hip and the knee
pitch joints are connected to the joints by inverted Hoeken’s four-bar linkages to achieve a
nearly constant transmission ratio throughout a broad range of motion [Knabe 14].
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6.3 Implementation

Thus, the following illustrates the design considerations for a planar redundantly-actuated
system that integrates five coupled actuators and presents the resulting system properties.

Figure 6.3a shows an abstract illustration of the actuator arrangement within the leg
structure. The monoarticular actuators are placed along the backside of the leg, the
biarticular actuators along its front side. In the following, A{H,K,A} abbreviate the actuators
where the subscripts indicate the spanned joints. Thus, the monoarticular SEAs that span
the hip, the knee, and the ankle joint are abbreviated by AH , AK , and AA respectively. The
biarticular actuators that span hip and knee joints are AHK , the one that spans the knee
and the ankle joints is AKA.

The leg structure is designed using a box-like structure shown in Figure 6.3b. The segments
are composed of two enclosing side plates that are attached to primary structural elements
at its proximal and distal end. Thereby, the space between the side plates is free for the
actuators. All parts are manufactured from 7075 aluminum; all joints are implemented
using pretensioned ball bearings. As Figure 6.3b shows the actuator placement – AH is
located in the trunk, AK and AHK are placed in the thigh, and AA and AKA are integrated
into the shank. The actuators can be arranged along the central plane of the leg and act
on one of the primary structural elements through the respective linkage mechanism. The
central alignment has the benefit that the actuator forces do not introduce a bending of
the mechanical leg structure. During the design process, all parts are simulated using FEM
analysis. For the design of CARL, mechanical robustness is favored over minimal weight.
Therefore, in future, the design of the leg structure can be further optimized weight-wise.

As mentioned in the requirements, all relative motions are implemented using ball bearings.
This entails two advantages – compared to plain bearings, both friction and backlash are
reduced. To minimize the latter, the ball bearings are pretensioned by two nuts located on
each side of the mechanisms. As a consequence, the assembled leg structure without the
actuators exhibits minimal backlash and damping.

Table 6.2 lists the configuration of the five RRLab SEAs that are deployed in CARL. For the
three proximal actuators located in the trunk and the thigh – AH , AK , AHK – a RRLab SEA
70 is deployed. They are deployed with the hard, the medium, and the medium configuration
respectively. The RRLab SEA 50 is deployed for the two distal actuators that are located
in the shank. The choice of the actuator stiffnesses is an intuitive design decision to
implement a stiffness gradient from the proximal to the distal actuators. Till today, there
is no clear indication in the robotic literature on how to distribute the compliance within a
compliantly actuated robotic leg when targeting a human-like gait. Thus, the distribution
of the compliance within CARL is another topic that can be addressed formally in future
research. To extend the range in which the biarticular actuators can follow the movement
of the other monoarticular actuators – and therefore act transparently – both AHK and
AKA are deployed with a star-parallel configuration of the RDs.

The thigh and shank segments have an equal length of 420 mm matching the proportions
given in Table 3.2. Because of the foot implementation is based on a prosthesis, it does
not seem suitable to strictly adhere to the anthropomorphic measures. In amputees, the
compliant properties of the prosthesis are designed to imitate the function of the ankle joint
as well as the foot itself. Instead, as a first iteration, it seems reasonable to approximate
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Figure 6.3: (a) Conceptual illustration of the actuator arrangement within CARL. The dashed lines
indicate the bidirectional actuators that span one or two joints (adapted from [Schütz 17]). (b) CAD
side-view of CARL (from [Schütz 17]). The side plates of the leg segments that face the direction of
the view are not shown to expose the linkage systems. The linkages that are realized by simple
crank arms are illustrated in blue; the four-bar linkages are colored in green. The primary structural
elements that are connecting the side plates around the joints are indicated in yellow. (c) Image of
CARL being suspended in the test-rig.

the dimensions of MIT’s bionic ankle-foot prosthesis, as it proofed capable of imitating the
human ankle-foot complex [Eilenberg 10, Hill 13]. The dimensions of the active prosthesis
are not explicitly published. Hence, based on the information provided, the measures have
been estimated. This lead to a height of the unloaded ankle joint of approximately 100 mm.
In contrast to the human ankle-foot complex, the height changes depending on the load
condition due to the deformation of the prosthetic foot – see Section 5.4.1. The segment
heights together with the approximate segment masses (including the RRLab SEAs) are
given in Table 6.3. Comparing the values to Table 3.2, the segment masses are in the range
of the envisaged values – and therefore similar to the anthropomorphic counterpart.

The actuators are acting on the joints via linkages – either simple crank arms or four-bar
mechanisms (see Figure 6.3b). Thus, the linear actuator force is mapped to the joint torque
by

τ = j · F, (6.1)
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Actuator RD Conf. Stiffness Conf.

AH RRLab SEA 70 star-serial Hard
AK RRLab SEA 70 star-serial Medium
AA RRLab SEA 50 star-serial Std.
AHK RRLab SEA 70 star-parallel Medium
AKA RRLab SEA 50 star-parallel Std.

Table 6.2: Actuator configuration deployed in CARL.

Height [m] Mass [kg]
Base 0.35 4.6
Thigh 0.42 5.9
Shank 0.42 3.3
Foot 0.10 1.3
Total 1.29 15.1

Table 6.3: Heights and approximate masses of the segments. From [Schütz 17].

where j is the mechanical advantage of the linkage that couples the actuator to the
respective joint. In the following, the actuator forces are indicated by F{H,K,A,HK,KA},
where the index indicates the joints it is acting on. j accomplished by a subscript that
indicates the motor abbreviates the mechanical advantages of the lever mechanisms.
In case of the biarticular actuators, as they are coupled to two joints – the subscript
is complemented by the respective joint. For instance, jAHKH denotes the mechanical
advantage of AHK at the hip. For the monoarticular actuators, the latter is omitted as they
only act on one joint.

6.3.1 Linkage Mechanisms

The following does not provide a detailed formal description of the kinematic relations of the
linkage mechanisms. Instead, it provides the relevant characteristics of the monoarticular
linkages, the biarticular linkages, and their interaction in a graphical manner. This approach
depicts the system properties in a more accessible and descriptive way.

6.3.1.1 Monoarticular Linkages

The crank arm designs for the monoarticular actuators are based on a simple notion: within
the actuator limits, they should be optimized for the B4LC gait, see Figure 6.4. Therefore,
they are directly derived from the B4LC angle-torque and angle-velocity curves. More
specific, the joint angle at which the crank arm exhibits the maximum torque is derived
from the angle-torque curve – the cranks are designed to exhibit the maximum torque at
the angle of the maximum torque of the B4LC gait. The length of the crank arms is chosen
based on the angle-velocity curve – the actuator has to be capable of rendering the B4LC
joint velocity.

The shaded backgrounds of the plots in Figure 6.4 indicate the maximum joint torques
and velocities of the monoarticular actuators when mapped to the joint space. In case of
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Figure 6.4: The angle-torque and the angle-velocity profiles of a B4LC gait cycle for the hip, the
knee, and the ankle joint. The shaded areas in the background represent the characteristics that
result from the crank arms of the monoarticular actuators AH ,AK , and AA. In case of the joint
torques, the gradation of the background indicates the torques resulting from 1 ∗ Fcont, 2 ∗ Fcont,
and 3 ∗ Fcont. In case of the velocities it represents the theoretical no-load speeds of the actuators
with the RDs in star-serial configuration.

the torque plots, the different shades of the background represent the torque range that
corresponds to 1 ∗ Fcont, 2 ∗ Fcont, and 3 ∗ Fcont.

The mechanical advantages j{AH ,AK ,AA} of the three monoarticular SEAs in relation to
the angles are shown in Figure 6.5. While AK and AA can produce the required torques
and velocities, the required torques at the hip joint exceed the capabilities of AH – even
with 3 ∗ Fcont. This shortcoming can either be compensated by exploiting the biarticular
actuators to reduce the actuator forces or by deploying a more powerful actuator – e.g., a
RRLab SEA based on the RD 80 series.

Notably, due to a sign error in the B4LC joint angle data at design time, the maximum
torque at the ankle joint is located at −20◦ instead of 20◦. Nevertheless, even in the current
implementation, AA can produce the torque required for the B4LC gait.

6.3.1.2 Biarticular Linkages

Except for the simple crank arm that connects AKA to the thigh, the biarticular actuators
drive the joints through four-bar mechanisms. A multitude of requirements influences
the synthesis of the four-bar mechanisms and their mechanical advantage and therefore
is not as trivial as the monoarticular pendant. Although there are some propositions in
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Figure 6.5: The force-torque characteristics introduced by the crank arms of the monoarticular
actuators AH , AK , and AA. Adapted from [Schütz 17].

the biomechanical literature, the functional role of the biarticular elements – and their
interaction with the monoarticular muscles – during human walking is still not finally
agreed on upon [Bobbert 00]. Thus, there is no clear paradigm to guide the design process
of a bio-mimetic robotic system.

Design Considerations

Following the notion of Prilutsky for instance, they can be designed to minimize the
actuators forces [Prilutsky 00]. As introduced in Section 2.4, in the context of B4LC this
mainly affects the action of AHK . Therefore, the ratio

rHK = jAHKH

jAHKK

(6.2)

can be optimized to compensate for the different magnitudes of τH and τK . Using linear
regression, the optimal ratio rHK is determined from the B4LC data as

rHK = 3.1. (6.3)

Equation (6.4) presents a simple approach to reduce the overall muscle forces:

τHK =

⎧
⎪⎪⎨
⎪⎪⎩

0 sgn τK ̸= sgn τH

τK · rHK sgn τK = sgn τH , τH > τK · rHK

τH · 1 sgn τK = sgn τH , τH ≤ τK · rHK

, (6.4)



214 6. Leg Structure

0 10 20 30 40 50 60 70 80 90 100

−100

0

100

Gait Cycle [%]

To
rq
ue
[N

/m
]

τH

τK

τHK

Figure 6.6: Illustration of the contribution of a biarticular actuator spanning the hip and the knee
during the B4LC gait cycle. The ratio of the mechanical advantages through which the biarticular
element acts on the two joints is determined by linear regression. The dashed lines indicate the
original B4LC torque profiles. The major torque peaks can be rendered almost completely by the
biarticular element.

where τHK is the torque produced by the biarticular actuator that acts with a constant
mechanical advantage of 1.0 on the hip and 0.32 (1/rHK) on the knee. Figure 6.6 illustrates
the resulting torque distribution. For reference, the plot also includes the original torque
profiles of AH and AK (dashed lines). Throughout the whole gait cycle, the portions that
the monoarticular actuators contribute to the torques τH and τK are reduced significantly.
The biarticular actuator almost entirely renders especially the torque peaks around 16 %
and 50 % of the gait cycle. As a consequence, the overall drivetrain losses are reduced
significantly.

While the ratio allows for the reduction of the monoarticular contribution, the magnitude of
the mechanical advantages jAHKH and jAHKK determines how much force FHK is required
to produce the respective torques at the hip and the knee by

τH = FHK ∗ jAHKH , (6.5)
τK = FHK ∗ jAHKK . (6.6)

Another functional role of the biarticular elements often mentioned is the transfer of
torque/energy/power from proximal to distal joints. This transfer is determined by the
ratios rHK and rKA. For instance, the transfer of torque from the hip to the knee joint is
given by

τK = τH · 1
rHK

(6.7)

and from the knee to the ankle joint by

τA = τK · 1
rKA

. (6.8)
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Consequently, the torque transfer from the hip to the ankle joint is

τA = τH · 1
rHK

· 1
rKA

. (6.9)

Obviously, the torques can also be transferred the opposite direction – from distal to
proximal joints.

As it is not explicitly apparent from the above equations, it should be noted that the
maximum transferable torque is limited by the combination of the maximum forces of the
biarticular actuators and the magnitude of the mechanical advantages. Thus, the maximum
torques that can be transferred from the hip to the knee and the knee to the ankle are

τKmax = FHKmax · jAHKK (6.10)
τAmax = FKAmax · jAKAA, (6.11)

which again emphasizes the relevance of the absolute magnitude of the mechanical advan-
tage.

Besides the functional concept, the biarticular actuators should be able to follow the
movement produced by the monoarticular SEAs and therefore act transparently when they
are not recruited. Thus, in this context, the maximum joint velocities produced by the
monoarticular actuators are considered as a design requirement. To guarantee transparency
of the biarticular SEAs, the combination of the crank mechanisms and the RRLab SEAs
acting on the two joints has to satisfy

vm1

jm1(θ1)
∗ jb1(θ1) + vm2

jm2(θ2)
∗ jb2(θ2) − vb ≥ 0, (6.12)

where θ{1,2} are the angles of the two spanned joints, v{m,b} the maximum linear velocity of
the mono- and biarticular actuators, and j{m1,m2,b1,b2} the crank arms of the three actuators
at the respective joint. As long as this equation is satisfied, the biarticular actuator can
follow the motion generated by the monoarticular counterparts.

Although this relation neglects the system dynamics, it serves as a basic estimation for
the transparency of a redundant system. During regular walking, the system transparency
might not be critical. However, during more explosive motions – e.g., running or jumping –
it can influence the system behavior. Therefore, the requirement for system transparency
limits the magnitude of the biarticular mechanical advantages – or more specifically the
ratio between the mono- and the biarticular advantages.

More of a geometrical nature are the constraints that result from the actuator stroke and
the avoidance of collisions with other mechanical components. Especially the collisions
– either with other actuators or the leg structure itself – are hard to describe formally.
Depending on the joint configuration, the biarticular actuators move significantly relative
to the leg structure.

Design Characteristics

In the current design, the biarticular linkages have been synthesized empirically. They are
mainly driven by the geometrical constraints of the actuator stroke and potential collisions.
Thereby, a working system is obtained that allows to gain further valuable insights into the
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system’s design, its shortcomings, and the desirable properties of the actuator interaction.
Figure 6.7 shows detailed views of the three four-bar mechanisms spanning the hip, the
knee, and the ankle. Conceptually, the design of all three four-bar mechanisms is similar
– the motor acts on a ternary link that transmits the force through a binary link to the
respective segment. In case of the four-bar mechanism at the knee, the binary link is
implemented as a fork to avoid collisions, see Figure 6.7b.

(a) (b) (c)

Figure 6.7: Detailed view of the four-bar mechanisms spanning the (a) the hip, (b) the knee, and (c)
the ankle.

Figure 6.8 shows the 3D plots that illustrate the absolute mechanical advantage of AHK

at the hip (jAHKH ) and the knee (jAHKK ) as well as the ratio rHK of the two advantages.
Figure 6.9 depicts the same relations for AKA. The red marks in the plots of the lever arm
ratios (see Figures 6.8b and 6.9b) resemble the ratio trajectory during a B4LC gait cycle.

The surface of the mechanical advantages resemble a parabolically shaped surface per
spanned joint (see Figures 6.8a and 6.9a). Although the mechanical advantages of the
biarticular SEAs depend on the configuration of both spanned joints, the influence of the
respective distant joint is small. Figure 6.9b emphasizes the different characteristic of
simple crank arms and four-bar mechanisms – the latter tend to exhibit a flatter shape. The
ratios of the mechanical advantages, in contrast, significantly vary with the configuration
of both joints. In case of AHK , this variation is not as pronounced as for AKA – due to
the simple crank arm that couples AKA to the knee. As indicated by the red marks in
Figure 6.8a, throughout a B4LC gait cycle, rHK varies between 0.54 to 0.79. rKA in contrast
varies between 0.58 to 1.02 – a factor of 1.8.

6.3.1.3 Properties of the Linkage System

Table 6.4 summarizes the resulting maximum torques that the actuators can produce at
the spanned joints. The minimum and maximum angles correspond to the range of motion
of the joints. For the biarticular actuators AHK and AKA, the values are listed for the
configuration of the second joint that results in the highest mechanical advantage/torque.
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Figure 6.8: The (a) two-dimensional force transmission functions (adapted from [Schütz 17]) and
the (b) corresponding ratio of the two curves for AHK spanning hip and knee. All functions are
plotted for the angle ranges of the spanned joints. The red marks in (b) indicate the trajectory
during a B4LC gait cycle.
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Figure 6.9: The (a) two-dimensional force transmission functions (adapted from [Schütz 17]) and
the (b) corresponding ratio of the two curves for AKA spanning knee and ankle. All functions are
plotted for the angle ranges of the spanned joints. The red marks in (b) indicate the trajectory
during a B4LC gait cycle.
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AH AK AA

θH [◦] τH [N m] θK [◦] τK [N m] θA [◦] τA [N m]
θmin −120.00 42.91 −90.00 26.47 −30.00 69.58
θτmax −54.55 134.50 −19.10 117.00 −24.55 69.60
θmax 0.00 83.93 0.00 110.80 30.00 44.20

AHK AKA

θH [◦] at θK = 0.0◦ τH [N m] θK [◦] at θA = 21.5◦ τK [N m]
θmin −120.0 47.9 −90.00 40.5
θτmax −44.9 74.5 −55.45 48.5
θmax 0.0 57.7 0.00 25.3

θK [◦] at θH = 0.0◦ τK [N m] θA [◦] at θK = 0.0◦ τA [N m]
θmin −90.0 98.2 −30.0 40.9
θτmax −43.6 119.8 2.1 49.0
θmax 0.0 91.4 30.0 40.7

Table 6.4: Peak and boundary torque values of all actuators assuming an actuator force of 3 ∗ Fcont.
Adapted from [Schütz 17].

The plots of the velocity based transparency constraint defined by Equation (6.12) are
provided in Figure 6.10. The blue-colored regions of the surfaces satisfy the constraint. It
becomes evident that for both biarticular actuators, the knee angle θK has a more significant
influence on the transparency than the respective other spanned joint. Nevertheless, the
red markers that represent the transparency trajectory during a B4LC gait cycle illustrate
that the biarticular actuators are capable of acting transparently throughout the gait cycle
– as long as the joint velocities are within the velocity range of the monoarticular drives.
Only during the swing phase, AHK is getting close to the boundary as the knee is bent
significantly.

Figure 6.11 illustrates the potential contribution of the biarticular actuator AHK with the
implemented lever characteristics throughout the B4LC gait cycle when applying the simple
approach for the distribution of the actuator forces described by Equation (6.4). In this
case, instead of the mono- and the fictitious biarticular torques, the respective forces FH ,
FK , and FHK are considered. They result from the B4LC torque data and the mechanical
advantages of the developed linkage mechanisms. As the mechanical advantages depend
on the leg configuration, they are calculated using the B4LC joint angles.

As shown by Figure 6.11a, FK is reduced to zero for the biggest parts of the gait cycle.
This is due to the fact that the rHK is not optimal for the B4LC gait – instead of a ratio
of 3.1, it varies between 0.54 to 0.79. With the chosen distribution approach, this limits
the recruitment of AHK . Still, the action of AHK reduces the peaks of FH . The peak
around 15 % of the gait cycle is reduced to be within the 3 ∗ Fcont range of the RRLab SEA
70. The peak around 55 % of the gait cycle in contrast still exceeds the capabilities of
AH . Nevertheless, using a more sophisticated approach for the force distribution, AK can
produce a counterforce that would allow for a higher FHK . With the simple approach,
FHK is approximately 1.5 ∗ Fcont during this phase of the gait cycle. Thus, it can potentially
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Figure 6.10: Velocity based transparency constraint for (a) AHK and (b) AKA. The blue-colored
regions are greater or equal to zero and thereby satisfy the constraint. Adapted from [Schütz 17].
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contribute higher forces. Overall, for the evaluation of CARL’s conceptual aptness, the
shortcomings are not critical. The leg weighs less than the simulated biped, and therefore
the actuation should be capable of rendering the B4LC-like gait with the current setup.

Figure 6.11b illustrates that the actuator speeds are within the feasible range. The move-
ment of the knee dominates the speed of AHK as jAHKK is almost the double of jAHKH .
Furthermore, as jAHKK is of similar magnitude and shape as jAK

, the velocity profiles of
the two actuators show a high similarity. The highest speeds occur during the swing phase.
However, overall, they are within the range of the actuator’s nominal speed – even for RDs
in star-serial configuration. Notably, the actuator power is not critical as the force peaks do
not coincide with the velocity peaks.
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Figure 6.11: Potential contribution of the biarticular actuator AHK during a B4LC gait cycle exploit-
ing the approach of reduced muscle forces (Equation (6.4)). (a) shows the resulting force profiles
of AH , AK , and AHK . The dashed lines represent the force profiles without the contribution of
AHK . The shaded background illustrates the areas of 1 ∗ Fcont, 2 ∗ Fcont, and 3 ∗ Fcont. (b) shows
the respective velocity profiles. The shaded background indicates the maximum linear velocities of
the RD star-serial and star-parallel configuration.
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6.3.2 Embedded Electronics

Figure 6.12 depicts the integration of the embedded electronics into the leg structure. An
Ethernet switch and the three embedded nodes that encapsulate AH , AK , and AHK are
placed in the trunk – the switch and the AH node are placed on its front, the AH and AK

nodes on its sides. The two embedded nodes encapsulating the two distal RRLab SEAs AA

and AKA are attached to the two sides of the thigh.

To obtain the joint angles, the iC-MU-based sensor that is used to capture the rotor move-
ment of the RRLab SEAs is deployed at the joints – see Section 4.1.5.4. Thus, an axial
rotary MU2S target is placed on each joint axis. The strain gauges PCB that handles the
interface of the foot’s sensory system is located in the shank right above the ankle joint.

Topology-wise, the FinEmbP network within CARL is set up as a star topology with three
branches. One of the branches connects the AH node, the other two run down the two sides
of CARL. In those branches, each branch connects two serially arranged nodes – AK and
AA at one side, AHK , and AKA on the other side. The AH , AK , and AA nodes interface the
hip, knee, and ankle position sensors respectively (through SSI). The AA node additionally
interfaces the strain gauge board (through SPI).
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Figure 6.12: Illustration of the distribution of the embedded electronics and the resulting FinEmbP
topology within CARL. Additionally, the interfaces to the joint sensors and the PCB for the strain
gauge interface – highlighted by the yellow circles – are included to further clarify which embedded
node interfaces which sensor. For clarity, the interfaces to the actuators are omitted.



7. Experimental Results

Three experiments have been conducted to demonstrate the functionality of the overall
system. Two experiments demonstrate CARL’s capability to meet the two most fundamental
B4LC requirements. One shows the system’s capability to act transparently during a passive
leg swing. The other validates the performance of the coupled impedance controllers and
the overall system’s tolerance regarding impacts. In a final experiment, CARL demonstrates
a coordinated walking motion generated by a behavior-based high-level control derived
from B4LC.

First, the following briefly introduces the test-rig in which CARL is embedded during all
experiments. Afterward, the two experiments that demonstrate the fundamental capabil-
ities are presented. Finally, the system performance during the walking experiments is
described. In this context, the deployed high-level control is outlined. Notably, through-
out all experiments, the forces of the RRLab SEAs are limited to their continuous forces
(1 ∗ Fcont).

Video material that complements the illustration of the experiments conducted with CARL
is accessible at https://vimeo.com/schuetz.

7.1 Test-Rig
The motivation of the development of the test-rig is two-fold. Firstly, to validate CARL’s
design in a walking motion, the test-rig imitates the action of the second leg. Therefore, the
test-rig has to lift the leg off the ground during the swing phase of the gait cycle. During
the stance phase, it has to gradually shift the weight to and from the leg.

A second aspect that motivates the design of a test-rig is the advent of learning- and
optimization-techniques in the context of the high-level gait controllers. Especially the
biologically-inspired control approaches introduced in Section 2.2.3 rely on optimiza-
tion strategies to determine the associated large parameter set [Wang 12, Geijtenbeek 13,
Liu 15b]. Geijtenbeek et al. for instance mention 500 to 3000 optimization iterations that
are required. Even if the controllers are pre-trained in simulation, the deployment to a
physical platform requires a further adaption to the platform’s specific properties that are
not represented by the simulation.

https://vimeo.com/schuetz
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Therefore, the test-rig can be used to automate the optimization/learning routine. Firstly,
it can reestablish the initial condition at the beginning of each iteration. Secondly, it can
lift the robot off the ground/to a safe height in case of system failure – either due to an
unsuccessful optimization run or a general failure of the mechatronic system.

The only comparable system presented in the literature is the recovery system designed to
support the planar bipedal robot RAMone presented by Green et al. [Green 16]. Figure 7.1
shows the test-rig together with a schematic illustration of the pulley system. As shown
in Figure 7.1, the ground plane consists of a treadmill while vertical and horizontal linear
bearings constrain the movement of the robot to the sagittal plane. The robot is mounted
to a carbon fiber tube that moves with the vertical cart. Both DoFs within the plane are
equipped with linear encoders.

The active recovery system only acts in the direction of the vertical linear bearings. Fig-
ure 7.1b shows a schematic illustration of the pulley system that lifts the robotic system
off the treadmill. It is arranged parallel to the walking plane of RAMone. An actuated spool
controls the length of a nylon coated stainless steel cable with a diameter of 1.59 mm.
The spool has a diameter of 50.8 mm and is driven by a Maxon EC 60 brushless DC motor
through a 3:1 chain drive. Two pulleys that move with the horizontal cart redirect the
cable down to the vertical cart to which the robot is mounted. A COTS load cell is located
between the vertical cart and the respective pulley.

The second end of the cable is fixed to a spring. To ensure that the cable is under tension
and thereby prevent it from jumping off a pulley, a mass of 0.45 kg that can move vertically
is attached to a moving pulley. If the cable is under tension, the weight is lifted to a hard
stop and thereby engages the spring.

The lifting mechanism is capable of generating a force of 500 N at a maximum speed of
2.4 m/s. The force of the lift is controlled by a proportional controller using the force
feedback obtained from the load cell. The control is extended by a feed-forward term that
includes the robot velocity. The noise of the load cell prevented the use of a derivative term.
This outer control cascade generates a reference velocity for the inner velocity cascade
that encapsulates the spool motor.
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Figure 7.1: (a) Image of the recovery system designed for the bipedal robot RAMone. (b) Schematic
illustration of the underlying pulley system. From [Green 16].
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7.1.1 Implementation

Figure 7.2 depicts the mechanical structure of the test-rig developed for CARL. Similar to
the recovery system of RAMone, the test-rig is composed of a treadmill and a system of
linear guides that constrains the movement of CARL to a single plane.

A 900 W DC motor actuates the treadmill through a timing belt with a 60:22 gear ratio.
The 60-teeth pulley is mounted on an aluminum roller with a diameter of 50 mm. With
the motor’s nominal speed of 3000 rpm at 48 V, the treadmill can generate velocities up to
2.88 m/s. An incremental encoder that provides 2000 counts per revolution is connected to
the motor axis and provides the feedback for the velocity control.

The structural elements within the planar guiding system are two frames – one that moves
in the horizontal direction, the other one that moves in the vertical direction. To constrain
CARL to the sagittal plane, its hip axis is connected to the horizontal frame through two
rotational bearings. The horizontal frame is connected to the enclosing vertical frame by
two linear bearings – one located at each side of the frame. The vertical frame is guided by
four linear bearings. Two magnetic incremental encoders1 capture the position of the two
moving frames with a resolution of 10 µm. The total weight of the two frames is 11.9 kg.
Together with the weight of CARL, this adds to the mass of 27 kg that has to be lifted
vertically.

At the current stage, the rotation of CARL around the hip axis as well as the movement of
the horizontal frame are constrained. For instance, when walking, there are no means to
actively control those two DoFs when CARL is not in contact with the ground. In a robot
with two legs, this would be accomplished by the action of the contralateral leg. Therefore,
CARL’s rotation around the hip axis is constrained by a fixture that couples the torso to
the horizontal frame through two rubber bushings, see Figure 7.2b. In contrast to a rigid
coupling, this setup can absorb shock forces that might occur during the gait cycle, e.g., at
the heel strike. The horizontal frame is kept in position by two pretensioned die springs,
see Figure 7.2c. Similar to the rotational DoF, this reduces the shock forces on the overall
mechanical structure in case of impact forces.

Figure 7.3 shows a schematic illustration of the rope-based pulley system through which the
winch unit can lift the vertical frame upwards. The pulley system is arranged orthogonally
to the walking plane of CARL and relies – instead of a steel wire – on a twelve-plaited
hollow-braid Dyneema line2 with a diameter of 3 mm. With this diameter, the rope features a
breaking load of 11 500 N. The use of a synthetic rope requires special care when designing
and manufacturing the mechanical components of the winch/pulley system. Above all,
ridges must be avoided as they can injure the rope and consequently lead to a rupture.
Furthermore, the grooves at the spools and the pulleys should feature a shape that supports
the rope to maintain its round shape. Flat spools and pulleys as used for conventional steel-
cable based winches would result in an ovalization of the synthetic rope that negatively
impacts its breaking load [Schulze 15]. Thus, the base of the grooves feature a slightly
bigger diameter (3.2 mm) than the rope and opens tangentially at an angle of 60◦ to avoid
potential damage caused by the ridges.

1Kübler LI20/B1
2Liros D-Pro-XTR
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Figure 7.2: Illustration of the test-rig designed to embed CARL. (a) gives an overview of the system’s
general structure. It is composed of two frames (one moves vertically, the other horizontally), a
winch unit that actuates the vertical DoF, and a treadmill. A tensioner mechanism ensures the rope
tension of the winch mechanism. (b) and (c) clarify the mounting of CARL within the test rig. Its hip
axis is mounted to the horizontal frame via two ball bearings. Additionally, the rotation of the torso
is constrained by the coupling to the horizontal frame through two rubber bushings. At the current
stage, the movement of the horizontal frame is constrained by two precompressed die springs. (d)
shows a detailed view of the winch unit.
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Figure 7.3: (a) Schematic illustration of the test-rig’s pulley system and the tensioner. The dashed
line that connects the tensioner weight to the inner spool of the tensioner indicates that it is a
different rope than the main winch rope. (b) The cross-section of the CAD model of the spring cell.
It clarifies the mechanism developed to realize the two regions of spring stiffnesses. The upper
spring cup that stiffly connects the the lower spring cup after a certain spring deflection establishes
a compliant region for sensitive force control and a stiffer region for an improved position control.
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The winch unit is driven by two pancake DC motors3 that can deliver a power of 410 W
with 1.3 N m at 3000 rpm. As Figure 7.2d shows, one motor is mounted at each end of the
spool axis. Additionally, to protect the system in case of system failure (e.g., the power
supply), an EM brake4 is placed on the spool axis. The brake does not protect the system
against a rupture of the rope.

As there is no additional transmission stage, the diameter of the spool is the primary
determinant for the characteristics of the winch mechanism. The ratio between the diameter
of the pulley/spool to the rope should be bigger than 10 to avoid unevenly distributed load
profiles within the cross-section of the rope. Based on this, we designed the spool and all
pulleys with a diameter of 40 mm. For the 3 mm rope, this results in the ratio D/d = 13.3.
With a radius of 20 mm, the winch is capable of producing a continuous rope force of
130 N. The pulley system amplifies the force that acts on the vertical frame by a factor
of 4. Hence, the winch can generate a lifting force of 520 N at a maximum speed of
1.57 m/s. The dynamics of the mechanism can be estimated by projecting the inertias of all
rotating components of the winch mechanism to the linear domain. With a total inertia of
8.83 × 10−4 kg m2, the reflected inertia of the winch equals a mass of 565.2 kg. Thus, similar
to the RRLab SEAs, the reflected inertia of the drive system dominates the dynamics of the
winch mechanism. It features a maximum reflected acceleration capability of

αmaxr = 0.92 m/s2, (7.1)

which corresponds to an acceleration of 0.09 G. Because of the small cogging torque of the
pancake motors and the small friction of the spool gear, the winch is still backdrivable
– even though the reflected inertia is high. Nevertheless, if the leg produces a vertical
acceleration that exceeds the maximum reflected acceleration or linear speed of the winch,
the tension on the rope cannot be maintained.

Thus, as indicated in Figure 7.3a, a tensioner mechanism is added to the rope system. It
consists of two spools – one with a big diameter (200 mm) and one with a small diameter
(20 mm) – that are located on the same axis of rotation. At its second end, the rope of
the winch runs through the wheel of the big spool and is knotted to the central axis. A
weight that is attached to a second Dyneema rope is wound up on the smaller spool and
thereby exerts a pretension torque around the axis of rotation. This gear mechanism was
chosen as it allows for more rope slack to be compensated by the tensioner mechanism. As
a drawback, it increases the inertia which limits the responsiveness of the tensioner.

Hence, the tensioner system depicted in Figure 7.4 was designed to minimize the inertia
of the spools. If the pulley system is under tension, the winch counteracts the pretension
torque, and the rope runs straight through the big spool. Thereby, the big spool is not
exposed to the winch forces. This reduces the requirements on the mechanical stability of
the big spool significantly and enables the reduction of its inertia – e.g., by manufacturing
it from POM. If the rope system loses tension, the pretension torque results in a rotation of
the tensioner and thereby winds up the excessive rope on the big spool. If the dynamics of
the tensioner mechanism become critical, the tensioner weight can be substituted by a flat
coil spring with a constant load.

3Heinzmann SL 120-2NFB 10-75
4Mayr ROBA-stop-M 4
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Figure 7.4: Tensioner mechanism developed for the winch unit. The POM spool with a diameter of
200 mm winds up the winch rope if tension gets lost. A tensioner weight produces a torque via the
small spool with a diameter of 20 mm. As shown by the image, the rope force acts on the axis of
spool when the system is under tension.

The necessity to dynamically control the lifting force of the test-rig suggests the application
of series-elastic actuation. Thereby, the limitations induced by the noise of a load cell
described by Green et al. can be avoided. Moreover, the series elasticity mitigates the
force peaks within the mechanical structure in case of an abrupt intervention of the winch.
As the rope-based mechanism can only generate unidirectional lifting forces, the series
elasticity can also be reduced to a unidirectional operation. The requirements motivate
the implementation of a spring mechanism that exhibits two stiffness ranges. A more
compliant range that results in an increased sensitivity during the periods of force control
and a stiffer range that allows for a good position control during the swing phase.
Figure 7.3b illustrates the implementation of the spring cell. The primary structural element
is a cylinder. Within the cylinder, two die springs are arranged in series. The two die springs
enclose the shaft that runs through the linear ball bearing. One of the two pulleys that
couple the winch to the vertical frame is mounted to the upper end of the central shaft.
The lower spring cup that surrounds the soft spring is mounted to the lower end of the
shaft. Thus, if a force is applied to the pulley, the force compresses the two serial springs.
In this range, the spring rate of the assembly is given by

kscs = 1
1

ksoft
+ 1

khard

, (7.2)

where ksoft is the spring rate of the lower soft spring and khard the spring rate of the upper
hard spring. After a defined deflection, the lower spring cup stiffly connects to the upper
spring cup and thereby disengages the soft spring. Consequently, the output stiffness of
the spring cell becomes

ksch
= khard. (7.3)
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All parts of the spring cell are manufacture from 7075 aluminum. The only exception is
the upper spring cup as it moves relative to the central shaft while the cell is operating in
the soft range. Therefore, it is made from POM.

The iC-MU PCB developed for the RRLab SEAs is also used to capture the spring deflection.
The iC-MU target is mounted to the lower spring cup; the PCB is attached to the outer
cylinder. To avoid the rotation of the target relative to the PCB, an auxiliary linear guide
guides the lower spring cup. In contrast to the central bearing, it is implemented using a
PTFE-based metal-polymer composite plain bearing.

In the current setup, the soft spring has a spring rate of ksoft = 27 000 N/m, the hard spring
of khard = 90 000 N/m. Therefore, the stiffness in the soft range of the spring cell is

kscs = 20 769 N/m. (7.4)

With a gap of 6.6 mm, the transition from the soft range to the hard range occurs at

Fsr = 137.5 N. (7.5)

The notion behind this adjustment is that the test-rig can finely adjust the tension force
and compensate its weight. If the system performs dynamic motions or generates a vertical
force on CARL, it is operating in the stiff range of the spring cell. The soft range of the
spring cell can be adjusted by varying either the size of the gap between the two cups or
the spring constant of the soft spring.

The control of the test-rig is realized by using one of the FPGA-based embedded nodes
that have been developed for the RRLab SEA encapsulation, see Figure 7.5. In this scenario,
the embedded node incorporates two Elmo Gold Twitter servo drives. The second servo
drive is connected to the second slot on the backside of the backplane. One of the Elmo
servo drives completely handles the velocity of the treadmill. Therefore, the FPGA only
passes the desired velocity to the Gold Twitter. The second servo drive handles the current
control of the two pancake motors. In this case, the structure of the impedance and the
force control running in the FPGA is the same as for the RRLab SEAs – see Figure 4.43. The
force control generates a minimum force of 5 N at all times to maintain the rope tension.
The performance of the test-rig is not evaluated in dedicated experiments. Instead, it is
illustrated in the context of the coordinated walking experiments – see Section 7.4.
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Figure 7.5: The embedded node that handles the velocity control of the treadmill and the
force/impedance control of the winch unit. The photo shows the two Elmo servo drives that
are both connected to the system’s backplane. Both servo drives are force cooled by a fan.

7.2 Distributed Force Control – Leg Swing
A passive swing motion demonstrates the functionality of the distributed force control
and therefore the system’s capability to act transparently. During the experiment, the
leg is fully supported by the test rig and hanging freely. Except for AH , all actuators are
commanded to render zero force and impedance. AH is commanded to generate a force of
300 N to generate a more illustrative leg pose. After the leg has adjusted to the equilibrium
position, it is manually deflected. The frame sequence in Figure 7.6 depicts the motion of
the leg during the experiment. Figure 7.7 shows the recorded joint angles and all actuator
forces during the motion. Table 7.1 lists the desired forces as well as the mean and the
mean-square error of the render forces.

AH AK AA AHK AKA

Fd [N] 300.0 0.0 0.0 0.0 0.0
Fmean [N] 297.9 −1.0 −1.2 0.0 −0.5
MSE [N] 7.6 14.2 18.3 3.2 4.0

Table 7.1: Performance of the force controllers subject to manual disturbances. From [Schütz 17].

The results show that all actuators, although being coupled, can render the desired forces
even in case of disturbances. Peaks in the spring forces do only occur if the knee or the ankle
hit their joint limits of 0◦ and −30◦ respectively (indicated by the red circles in Figure 7.7).
The impacts at both joints become apparent in the force profiles of AHK and AKA as the
two actuators are exposed to both non-linearities. As stated by Hurst et al., this contact
chatter is the dilemma inherent to series elastic actuation [Hurst 04a].
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Figure 7.6: Frame sequence that illustrates the motion of CARL during the leg swing. The leg is
deflected manually from its equilibrium position and swings freely afterward.
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Figure 7.7: Joint angles and actuator forces during the leg swing. All actuators except for AH are
commanded a force of 0 N. AH is commanded a force of 300 N. The red circles indicate the collisions
with the joint limits – three collisions at the ankle joint, one at the knee.
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Nevertheless, the results show that the overall system stays stable even if it is exposed
to the non-linear disturbances induced at various points of the system. For instance, the
embedded force control compensates the force peak of 110 N observed in the AK profile
within 35 ms to be within 20 N of the desired force. The 20 N equal approximately 2 % of
the continuous force of AK . This behavior is partially supported by the minimized reflected
inertia of the RRLab SEA drivetrain.

The jitter that is observable in the force plots of AHK indicates the degraded controllability
of the star-parallel RD configuration. As given in Section 4.3.3.1, the controller gains for
actuators with the star-parallel configuration have to be kept lower compared to the star-
serial counterparts. The RRLab SEA 50 is generally controlled with lower I-gains. Hence,
both, AA and AKA, tend to exhibit a more significant steady-state error – especially with
respect to their continuous force.

7.3 Distributed Impedance Rendering – Leg Drop

The following experiment demonstrates CARL’s capability to meet two of the B4LC high-
level requirements – the distributed impedance rendering and its tolerance to impacts.
The leg is brought to a squatting position using the impedance control of the actuators
and is then dropped from a height of approximately 0.2 m.
Table 7.2 lists the commanded stiffness kd and damping bd of the various actuators. The
virtual equilibrium positions of all actuators are selected to fit the kinematics of the
squatting position. This avoids inner tensions of the leg. The test-rig is commanded a force
of 120 N and thereby supports its own weight. Consequently, the leg has to handle its full
weight of 15.1 kg. The frame sequence depicted in Figure 7.8 shows CARL’s response during
the impact.

The actuator forces Fo and the lengths xl are recorded during the drop. To validate the
performance of the impedance controllers, the recorded data is fitted to the first-order
transfer function

xl(s)
Fo(s) = 1

b̂rs + k̂r

, (7.6)

where b̂r and k̂r are the estimated damping and stiffness rendered by the distributed
impedance controllers. Table 7.2 gives the estimated impedances together with the accuracy
of the fit. The numbers underline that all RRLab SEAs – except for AA – are capable of
rendering the desired impedances with acceptable accuracy. Similar to the observations
made with the single actuator (see Section 4.3.3.3) the stiffness is rendered more accurate
than the damping.

Figure 7.9 shows the resulting joint motions and the normalized forces and velocities (with
respect to the continuous values) during the landing impact of all actuators. AK produces
the highest force during the landing with 835 N which is close to its force saturation. AK

also produces the highest speed – it shortens with a peak velocity of 0.163 m/s (around
half of its maximum speed). As noted in Section 6.3.1.3, the velocity of AHK is primarily
determined by the velocity of AK . The plots of AK and AHK in Figure 7.9 further support
this. The two figures show that, although AH is also moving, the two velocity profiles show
a high similarity – just with an opposite sign.
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Figure 7.8: Frame sequence that illustrates the motion of CARL during the drop from a height of
0.2 m. At the beginning, a squatting position is established by adjusting the impedances of the
distributed controllers.
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Figure 7.9: Joint angles and the normalized forces and velocities recorded during the leg drop.
Except for AA, all actuators stay within their continuous force and velocity ranges. For AA, the most
pronounced joint movement together with the long lever arm provoke the velocity saturation.
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AH AK AA AHK AKA

kd [kN/m] 60.0 50.0 20.0 15.6 15.0
k̂r [kN/m] 59.7 50.0 6.5 15.7 15.0
bd [Ns/m] 2000.0 2000.0 350.0 0.0 0.0
b̂r [Ns/m] 1990.0 1882.0 437.0 4.0 9.0
Fit [%] 98.5 98.7 90.5 96.2 95.8

Table 7.2: Comparison of the desired and the rendered impedances during the leg drop. From
[Schütz 17].

The plot of the joint velocities in Figure 7.9 shows that the ankle joint moves the most
during the impact – it is deflected from −19.2◦ to 26.8◦. Compared to the other joints, the
ankle joint deflection is happening during the same time span and is, therefore, moving
with the highest angular velocity. Together with the comparably long crank arm of AA (see
Figure 6.5), this leads to a velocity saturation of the actuator. As a result, the spring force
is increased above the continuous output force due to the natural dynamics of the actuator.
This observation further supports the positive influence of a low drivetrain impedance
during impacts. In this scenario, an actuator with lower backdrivability could potentially
result in mechanical damage.

It should be emphasized that the experiment is neither a coordinated nor an optimized
movement. Nevertheless, the presented experiment validates the functionality of the
distributed impedance controllers. Although all of the actuators are coupled, they are
capable of rendering the desired impedances with suitable accuracy. The saturation of AA

could probably be mitigated, e.g., by a different landing pose, other rendered impedances,
or an increase of the maximum actuator currents/forces.

The experiment also validates CARL’s impact tolerance. The overall system is mechanically
robust – not only the actuation but also the leg structure and the electronics. Especially
the velocity saturation of AA underlines the aptness of the leg’s – and in particular the
RRLab SEAs – natural dynamics.

7.4 Coordinated Walking Motion
To demonstrate CARL’s aptness to perform the envisaged human-like dynamically unbal-
anced gait, a behavior-based high-level control structure is derived from B4LC [Vonwirth 17].
Based on a thorough analysis of the structures and mechanisms of B4LC and the compara-
ble control approaches, some improvements to the structural approach are tested in this
context.

7.4.1 Control Architecture

Figure 7.10 shows the layered architecture of the overall control system. The lowest layer
– the System Layer – encapsulates the robotic system that is interfaced. As shown by the
figure, at the System Layer either the physical robot or a simulated counterpart can be
instantiated. A simulation environment is an absolute necessity to test and pre-tune the
high-level controllers – in particular for the application of machine learning/optimization
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Figure 7.10: Illustration of the complete system architecture. From top to bottom, there is the
high-level control, the low-level control, the joint abstraction, and the system layer. Each control
layer establishes a different level of interface abstraction indicated by the dashed horizontal lines.
At the system level, the control can interface either the physical robot or a simulation. The yellow
lines indicate the flow of sensor data, the red lines of control data, and the green lines of riB2C
meta signals. Adapted from [Vonwirth 17].

techniques. Appendix B provides more details on the simulation developed for CARL.
Therefore, both, the physical robot and its simulated counterpart, are abstracted by a layer
of Finroc modules that exhibits a uniform actuator-level interface to the higher layers. In
case of the physical robot, this layer communicates with the embedded Finroc instances
via FinEmbP.

The next higher layer establishes the joint-level interface for the control layers above. It
maps the high-level joint commands to the domain of the linear actuators. It is implemented
using regular Finroc sense-control-modules. Vice versa, it provides feedback about the
joint state – e.g., the joint torque – by calculating the respective value from the actuator
data. Notably, it is the control layer that implements the strategy for the exploitation of the
biarticular actuators. For the following experiments, only the monoarticular actuators are
recruited to render the joint behavior. The commands for the joint torque and impedance
are mapped to the respective reference values of the embedded impedance/force control
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of the monoarticular RRLab SEAs. The biarticular actuators are commanded zero force and
impedance and are therefore acting transparently.

The next layer above implements the Low-Level Control. It is the first behavior-based
layer. For the implementation, the riB2C framework is chosen – a further development
of the original iB2C framework [Proetzsch 10]. Each joint and the test-rig are represented
by a behavior group whose interface towards the higher layers resembles the B4LC joint
abstraction – see Figure 2.20. The interface consists of a torque and an impedance around an
equilibrium position together with the respective stimulation signals. A second functionality
of the low-level control layer is to ensure that a set of valid control commands is provided
to the underlying layers. E.g., when the higher levels are not active, it brings the test-rig to
a defined position above the ground and commands zero joint torques and impedances.

At the highest layer, theHigh-Level Control implements the actual gait control. It implements
the FSM that resembles the cyclic structure of the envisaged motion and the control units
that are activated during the phases. It is implemented using riB2C behaviors.

In this context, it should be noted that the current setup with a single leg in the test-
rig does not reflect the conditions of an unconstrained gait – even if the gait is limited
to the sagittal plane. Due to the constrained movement of the trunk (its rotation and
translation in the x-direction), the reflex system is less crucial for the generation of a
walking motion. The posture control of the upper body can be omitted. Further on, from
the field of biomechanics, it is well known that walking on a treadmill does not resemble
free walking. Especially with CARL’s fixed trunk, the leg does not have to insert any energy
to move backward during the stance phase. Instead, while the foot and the treadmill are in
contact, the motion of the treadmill induces energy and starts to move the leg backward.
Nevertheless, the gait control has to be robust against disturbances in the desired motion
pattern – in particular with CARL, as the physical compliance entails an inherent variance
of the motion pattern. This robustness is established by adaptive feed-forward mechanisms
rather than dedicated feedback mechanisms.

Based on an analysis of the gait cycle partitioning used in similar control approaches
[Geijtenbeek 13, Sharbafi 17, Geyer 10], the number of gait phases has been reduced to
four – namely Shift Left, Stance Left, Shift Right, and Stance Right. Two mechanisms trigger
the transitions between the phases – a time-based trigger and kinetic/kinematic events.
Therefore, the optimal timing of each phase within the gait cycle is predefined. Additionally,
the transition from Shift Left/Right to Stance Left/Right is triggered by the kinetic event
Weight Release. The second transition – from Stance Left/Right to Shift Left/Right – happens
if both, the Foot Back and the Foot Front, events occur. As the optimal timing of the
phases within the gait cycle describes the regular walking motion, the sensor-based events
implement a feedback mechanism. They adapt the system behavior to disturbances in the
gait sequence.

Figure 7.11 depicts the derived operative gait cycle, the timing, and the transition events.
Additionally, the figure illustrates its relationship to the analytical gait cycle commonly
used in biomechanics. The timing is described as a percentage of the duration of the overall
gait cycle – a measure that depends on the chosen walking velocity.

The gait phases handle the activation of a set of feed-forward control units. The control
units produce the patterns that are generated over one or more gait phases. Each pattern
is characterized by its start/end time, shape, and control output. For instance, a pattern can
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Figure 7.11: Illustration of the operative gait cycle that is used to generate the walking motion of
CARL. Four gait phases structure the gait cycle. From [Vonwirth 17].

either generate a torque or an impedance profile. Therefore, in contrast to B4LC, the joint
impedance is explicitly understood as a feed-forward mechanism. In case of the impedance,
the damping and the stiffness are modulated by two individual profiles. The concatenated
progress of the superimposed gait phases defines the pattern’s progress.

Figure 7.12 gives an overview of the control units that act at the three joints. Notably, CARL
implements the right leg while the test-rig mimics the left leg. Therefore, the following
descriptions are given from CARL’s perspective – its stance and swing phase.

In walking, the cyclic motion of the hip joint resembles a pendulum-like motion between
two end positions. It swings forward during the swing phase and backward during the
stance phase. In unconstrained walking, the latter is the main contributor to the forward
propulsion of the robot. Like in B4LC (see Section 2.3), the cyclic motion is realized
through a throw-catch mechanism. A torque profile that spans two gait phases initializes
the forward/backward motion. Afterward, an impedance pattern that is active during the
respective second phase attracts the joint towards a specific end position. Thus, four control
units in total generate the hip motion.

The two primary functions of the knee joint – the weight support during the stance phase
and the shortening of the leg during the swing phase – are implemented by modulating
its impedance. The bended knee during the swing phase is a result of the torque patterns
that act on the hip and the ankle joint towards the end of the stance phase. While the knee
still supports a portion of the robot’s weight during the Shift Left phase, the bending is
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Figure 7.12: Illustration of the recruitment of the different control units throughout the operative
gait cycle. From [Vonwirth 17].

shaped by a pattern that continuously decreases its impedance. During the rest of the swing
phase, the knee joint acts completely passive without any contribution of the actuation.
Towards the end of the swing phase, another impedance pattern increases the stiffness
that establishes the appropriate knee angle for the heel strike. Once the foot is in its front
position, and the Shift Right phase is activated, the knee impedance starts to increase. This
anticipates the upcoming heel strike and gradually supports CARL’s weight after ground
contact. During the stance phase in which the leg supports the robot’s full weight, the
impedance is further adjusted to maintain the desired knee position.

A combination of torque and impedance profiles generate the action of the ankle joint.
Towards the end of CARL’s stance phase and during the Shift Left phase, a push-off torque
is produced at the ankle. This torque contributes to the forward propulsion of the robot
and, as mentioned above, adds to the bending of the knee. With the onset of the swing
phase, the foot is brought to a specific position by adjusting the target angle. Thereby,
the foot’s ground clearance is assured. A pattern that is active during the Shift Right and
the Stance Right phases first maintains and subsequently decreases the impedance of the
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ankle during the stance phase.

Throughout the whole gait cycle, the test-rig is controlled via the modulation of the
equilibrium position of its vertical impedance. This is realized by two patterns that modulate
the equilibrium position following two sinus-shaped trajectories. One pattern increases
the height of the equilibrium position during the Shift Left and Stance Left phases to mimic
the action of the second leg. The second pattern decreases the equilibrium position during
the other two phases. Once the equilibrium point is below the height of CARL’s hip axis,
the leg fully supports its weight and the weight of the two test-rig frames (27 kg in total).
The winch mechanism only maintains the 5 N pretension force on the winch rope.

7.4.2 Gait Characteristics

The following presents the results that were obtained from experiments with CARL walk-
ing at a velocity of 0.71 m/s. The parameters of the control units that are used for the
experiments are adjusted experimentally. To emphasize this, as the high-level gait control
is not the subject of this thesis, the following does not claim to present a solution for the
generation of a human-like gait. As mentioned above, this is not possible with the current
constraints introduced by the test-rig. Furthermore, the presented gait does not claim to be
optimal in any regard. Instead, the purpose of the experiment is solely to demonstrate that
CARL– and thereby the developed solutions for the subsystem – is capable of rendering a
dynamically unbalanced gait.

The evaluations of the gait characteristics and CARL’s functionality that are presented in the
following are based on the averaged data of 70 consecutive steps. Due to the combination
of an inherently compliant system and a superimposed behavior-based control, the motion
is characterized by a high variance between gait cycles. Nevertheless, the phase transitions
that rely on kinematic/kinetic events compensate the small disturbances. To emphasize the
variation that is inherent to the produced gait pattern, the averaged data is complemented
with either the minimum/maximum values (dotted) or the standard deviation (dashed).

At the chosen walking velocity, the duration of the gait cycle varies between 1.69 s to 1.79 s
while the average is 1.72 s with a standard deviation of 0.02 s. Therefore, all results that are
presented in the following are normalized to the average duration. Furthermore, although
the gait generation relies on the definition of the operative gait cycle, the data is presented
with respect to the analytical gait cycle for better comparability. Hence, the heel strike
occurs at 0 % of the gait cycle.

Proprioceptive Foot

Figure 7.13 shows the trajectories of the CoP and its normal force. The CoP force indicates
if the foot is in contact with the ground and therefore can be used to distinguish between
swing and stance phase. If the force exceeds a certain threshold – indicated by the
horizontal dashed line in Figure 7.13a – ground contact is assumed. Currently, the threshold
is set to 50 N. Thereby, the heel strike and the toe-off event can be determined. In average,
the toe-off happens around 61.45 % of the gait cycle. Hence, the proportion of the stance
phase to the swing phase is very close to the relations found in humans (60 % to 40 %
respectively). Notably, the CoP force exceeds 270 N, and thus CARL supports its own weight
plus the weight of the attached test-rig frames.
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Figure 7.13: The sensory information obtained from the foot – (a) the normal force acting at the
CoP, (b) the CoP position in x-direction, and (c) the CoP position in y-direction. The dashed vertical
line marks the timing of the toe-off event. Additionally, the dashed horizontal line in (a) indicates
the threshold that is used to determine if the foot is in ground contact. The shaded background in
(b) indicate the state of the foot’s ground contact – the two lightly shaded areas represent heel and
toe contact, the darkly shaded area marks flat ground contact.
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The plot of the CoP trajectory in the x-direction (Figure 7.13b) depicts its continuous
progression from the heel to the toe throughout the stance phase. The CoP trajectory in
y-direction (Figure 7.13c) is not exactly in the center of the foot. Instead, it runs slightly on
the inner side of the foot by approximately 2 mm. In particular, during the push-off phase,
it moves further onto the inner toe.

The comparably small deviation of the minimum/maximum trajectories from the average
trajectory for all measures underlines the functionality of the proprioceptive sensory system.
Towards the toe-off event, the sensory output varies more. Once the foot loses ground
contact, the CoP does not exist, and hence the extracted information is without meaning.

Additionally, the shading of the background in Figure 7.13b provides information about
the state of the ground contact as it is derived from the CoP x-position. The lightly shaded
areas indicate heel and toe contact, the darkly shaded area indicates flat ground contact.
The transition from heel contact to flat contact is assumed to happen around 0.046 mm,
the transition from flat ground contact to toe contact around 0.16 mm.

Test-Rig

Figure 7.14 shows the sensory feedback of the test-rig. The upper plot illustrates the
position of the vertical frame and therefore the height of CARL’s hip axis. The height is a
result of two superimposed actors – the leg and the winch unit. During the leg swing, the
generated test-rig impedance results in a constant height. The lower plot shows the vertical
winch force obtained from the spring cell. The shading of the background emphasizes the
structuring of the gait cycle with respect to the support phases. The light yellow areas
mark the phases of the double support – CARL’s foot is in touch with the ground, and the
winch exerts a lifting force. The dark yellow area indicates the single support phase. The
winch force is zero and therefore – as also derived from the foot data – CARL supports the
full weight.

The proportion of the single support to double support phases deviates from the human
data. The two double support phases last 11.3 % (Shift Right) and 19.8 % (Shift Left). Hence,
the single support phase (Stance Right) spans 30.3 % of the gait cycle. The reference values
from the human gait are a duration of 15 % for each double support phase and 30 % for
the single support phase. These observations suggest that the coordination of the test-rig
action with the leg movement can be further improved to prolong the initial double support
and shorten the terminal double support.

Joint Motion

Figure 7.15 illustrates the joint angles and torques of the hip, the knee, and the ankle
together with the respective minimum/maximum trajectories. The angle trajectory of the
hip resembles a sinusoidal curve and therefore is as to be expected. The joint angle reaches
its minimum shortly before the toe-off event. Hence, the leg swing starts while the push-off
action of the ankle joint still maintains ground contact. The maximum of the pendulum
motion is reached before the heel strike. Therefore, the leg starts moving backward before
the ground contact is established. This is an undesirable behavior as it leads to increased
impact forces. The two torque patterns dominate the hip torque. As the upper body is
fixed and therefore does not have to be balanced, there is no further modulation of the hip
action.
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Figure 7.14: The averaged action of the test-rig in 70 consecutive gait cycles. The upper plot shows
the position of the vertical frame and therefore the height of CARL’s hip axis. The lower plot shows
the lifting force that is exerted on the vertical frame by the winch unit. The shaded background
emphasizes the different support phases. From the perspective of CARL, they are: light yellow –
double support, dark yellow – stance phase, white – swing phase. In both plots, the average data
is complemented by the standard deviation. Adapted from [Vonwirth 17].

At the beginning of the stance phase, the knee joint is completely extended and therefore
in its singular position. This is an unfavorable condition, as it increases the mechanical
stress on the leg structure. The compliance of the actuation system cannot mitigate the
impact forces inherent to the heel strike. Nevertheless, the experiments show that the leg
structure can sustain the impact. During single support, the knee joint is gradually bent
due to the spring-like behavior that results from the impedance pattern. Towards the end
of the single support phase, the knee again approaches the singular position. Still, with a
maximum of −9.3◦, the knee bending during the stance phase is small – in particular, if
compared to other model-based control approaches. During the swing phase, the knee is
bent significantly to establish the ground clearance. The bending starts before the toe-off
event and reaches its maximum shortly after. It reaches the extended position shortly
before heel strike. Notably, during the first half of the knee bending, the knee is almost
acting entirely passive. In the middle of the swing phase, the onset of a braking torque can
be observed. The high variance of the knee’s torque profile results from the joint behavior
that is mainly generated by the impedance control.

Right after the heel strike, the ankle is plantarflexed from its neutral position while pro-
ducing a resistive torque. Thereby, the impact of the heel strike is mitigated. Afterward,
during the single support phase, the ankle is passively dorsiflexed. In particular in the
current setup, with the combination of a fixed trunk and the treadmill, no ankle torque is
required. Without the constraints of the test-rig, the ankle would have to contribute to
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Figure 7.15: The angle and torque trajectories rendered during a gait cycle. The solid lines represent
the mean trajectories of 70 gait cycles, the dashed lines the maximum/minimum of the respective
measure. The dashed vertical line marks the toe-off event. Adapted from [Vonwirth 17].

the stabilization of the trunk. Towards the end of the stance phase, the ankle generates
the push-off torque that generates the lifting of the heel and thereby a plantarflexion of
the joint. After the push-off torque pattern ends, the ankle is dorsiflexed to lift the toes
off the ground and establish the ground clearance. Towards the end of the swing phase,
the ankle is again in its neutral position. Naturally, as the weight/inertia of the foot is
comparably small and the foot is not in contact with the ground, the ankle torque is close
to zero during the swing phase.

Figure 7.16 shows the average trajectory in comparison to the B4LC gait and the human
gait. The human data has been provided by Vicon5 in 1998 and is the reference dataset
that is also used by Luksch [Luksch 10, pp.157]. The torque profiles are normalized to the
weight and therefore given in N m/kg to make the data comparable.
Regarding the hip, the angular motion produced by CARL is less pronounced than in the
reference data. Similarly, the torque profile is less pronounced but in tendency resembles
the human data. Especially during the early stance phase and the swing phase, the torque
profile of CARL is closer to the human data than the B4LC profile. Overall, it can be assumed
that the constrained motion of the trunk causes the deviations. If the upper body has to be

5https://www.vicon.com/

https://www.vicon.com/
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balanced and the backward movement of the leg actively controlled, the torque profile
would change significantly.
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Figure 7.16: Comparison of CARL’s joint angles and torques (solid blue line) with the B4LC data
(dash-dotted red line) and the human gait (dashed yellow line). The torque values are normalized
to the weight of either the robots or the human. The human dataset was provided by the Vicon
company in 1998. The solid lines represent the mean trajectories of 70 gait cycles, the dashed lines
the maximum/minimum of the respective measure. The dashed vertical line marks the toe-off event.
Adapted from [Vonwirth 17].

Similarly, the knee motion is less pronounced than the two reference data sets. During
the stance phase, the knee stays closer to the singular position and bends less during the
swing phase. Especially the reduced bending during the stance phase leads to smaller joint
torques compared to the reference data.

For the ankle, it can be observed that the CARL trajectories are closer to the human data
than the B4LC trajectories. In particular, the joint motion and torques during the heel strike
are very similar to the human counterpart. The reduced torque during mid-stance is again
a consequence of the combination of the fixed trunk and the treadmill. Without those
constraints, the ankle would have to actively contribute to the balancing of the whole body.
The timing of the push-off torque is similar to the human but differs in the magnitude.
While the ankle motion during the push-off is over-pronounced in B4LC, the CARL trajectory
is similar to the human. At the beginning of the swing phase, the human ankle trajectory
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exhibits a damped motion close to the neutral position. The two motions produced by the
artificial controllers exhibit a significant overshoot. For CARL, the overshoot is necessary
to establish the required ground clearance due to the comparably small knee flexion.

Foot Trajectory

Figure 7.17 depicts the movement of the foot relative to the hip axis of CARL. The reference
point within the foot is the point that is right below the ankle joint during flat ground
contact of the foot. The lower arc of the trajectory is traversed from right to left during
the stance phase. Thus, the upper part describes the foot motion during the swing phase.
Due to the lifting of the foot, the trajectory forms a belly around the end of the stance
phase. Towards the end of the swing phase, in contrast, the trajectory forms a sharp peak.
Overall, this trajectory is similar to the movement observed in humans [Fang 14]. The foot
lands on the heel, transitions into flat ground contact, and subsequently roles onto the
toes. This supports the claim of the gait’s human-likeness – the control approach exploits
the wheel-like mechanism of the foot.

−0.3 −0.2 −0.1 0 0.1 0.2 0.3

−0.9

−0.8

x Position [m]

y
Po
si
tio
n
[m
]

Figure 7.17: Foot trajectory relative to the hip axis of CARL resulting from the generated gait. The
x-position is plotted over the y-position. The reference point is the point in the foot sole that is
right below the ankle joint when the foot is in flat ground contact. The dotted lines represent the
standard deviation of the foot position. Adapted from [Vonwirth 17].

Actuator Performance

Figure 7.18 shows the force profiles that the five actuators produce throughout the gait
cycle. Each figure contains four profiles. One represents the actual spring force Fs and
therefore represents the force produced by the actuator. The other three represent the
reference values that result from the different control mechanisms – see Figure 4.43. Fd

is the reference value that is directly given to the force control and thereby bypasses the
impedance control. FI is the output of the impedance control and, therefore, depends on
the desired impedance as well as the actuator’s length and position. Fdt is the sum of the
two and forms the reference force that is given to the force control.

The plots again highlight the different control strategies for the joints. Feed-forward
torque patterns mostly generate the hip and the ankle movements. Therefore FI of the
two monoarticular actuators AH and AA is close to zero throughout the whole gait cycle.
The knee, in contrast, is controlled via the impedance of AK . Fd is always zero while FI
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Figure 7.18: The forces profiles of the five RRLab SEAs throughout the gait cycle. For each actuator,
the spring force Fs and the desired forces are given – Fd that is directly feed through to the force
control, FI that results from the impedance control, and the total desired force Fdt which is the
sum of the two.
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shapes the joint motion. As mentioned above, the biarticular actuators AHK and AKA are
not actively used. Therefore, Fdt is zero and both SEAs are acting transparently.

The force control of all actuators is performing well. For AH , Fs follows Fdt well during the
whole gait cycle. AK and AA are generally also following their references well but show
some more significant deviations towards the end of the stance phase. In this phase, as
Figure 7.14 shows, the winch unit starts to lift CARL rather abruptly. Without the weight,
the output loads of the SEAs are reduced significantly – in the extreme case to impedances
of the attached links. Therefore, this observation corresponds to the relation found in
Section 4.1.4: without a DOB, a small load impedance negatively affects the performance
of the force control. In particular, AA shows a significant deviation after the toe-off event as
the inertia of the foot is very low. The reason for this deviation is neither a force saturation
nor a velocity saturation (see Figure 7.19). Instead, the limited acceleration capability is
the reason for this behavior. According to Newton’s second law (F = m · a), the smaller
the output impedance, the faster the actuator has to accelerate in order to generate the
desired force. The plots of AHK and AKA show that both biarticular actuators perform well
in producing zero force.

Figure 7.19 shows the force and velocity trajectories with respect to the maximum force
Fcont and the maximum velocity vlin of the respective actuator (refer to Table 6.2 and
Table 4.18). The plots illustrate that none of the actuators reaches its saturation limit
during the generated gait cycle. Regarding the force, AA is the closest to its saturation
limit with a force peak of 0.76Fcont when generating the push-off torque around the ankle.
Velocity-wise, AK shows the highest relative velocity with a peak of 0.52vlin during the
swing phase.

The observed system behavior suggests that the design of CARL is suitable for the rendering
of a human-like gait. The interaction of all subsystems results in an overall system that
meets the requirements defined in Section 2.4. The proprioceptive foot provides the required
sensory information with suitable accuracy. The actuation system in combination with the
linkage mechanisms of the leg structure still provides a lot of force/velocity potential that
is not exploited during the generated gait. Especially, as currently the biarticular actuators
are not recruited at all. Thus, the system should be capable of generating the joint torques
that are required if, for instance, a heavier trunk has to be balanced, a second leg is added,
or both. Furthermore, the velocity potential indicates that the generation of faster motions
is also possible, e.g., reflex actions to compensate for external disturbances or a jogging
motion.
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Figure 7.19: The force and velocity profiles of the five RRLab SEAs relative to the continuous force
Fcont and the maximum velocity vlin. None of the actuators reaches either its maximum force or
velocity.
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Figure 7.20: Frame sequence that shows one step of the gait rendered by CARL. The sequence starts
and ends with the heel strike.
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8. Conclusion and Outlook

This thesis at hand addressed the conceptual design as well as the physical implementation
of CARL, a biologically-inspired compliant planar robotic leg that is tailored to fit the
requirements of a human-like bipedal gait. It bridges the gap between the required
mechanical robustness and the core-properties necessary for an efficient gait.

This development was motivated by a group of biologically-inspired control approaches for
bipedal walking that have been presented in the literature recently [Wang 12, Geyer 10,
Song 13, Geijtenbeek 13, Luksch 10]. While the controllers exhibit impressive capabilities
in simulations, so far none of them has been fully deployed on a physical platform – even
though the simulated bipeds show a big intersection regarding their assumed properties.
Therefore, CARL features the following key characteristics:

Impact Tolerance CARL is designed to be tolerant regarding the impacts that are inherent
to biologically-inspired gaits. In particular, at the heel-strike, this entails impact forces
that the mechanical system has to sustain without damage. Thus, CARL is actuated
by specifically designed RRLab SEAs that feature a minimized output impedance.
Additionally, the compliance of the deployed prosthetic foot mitigates the impact
forces.

Natural Dynamics Although the human muscles itself are not overly efficient, the human
bipedal locomotion is characterized by a high degree of efficiency that is achieved
by exploiting the body’s natural dynamics. Therefore, CARL’s overall dynamics are
geared towards the anthropomorphic role-model.

Transparency To fully exploit the natural dynamics of the mechanical system, it must be
able to act transparently. In particular, during the swing phase, CARL’s actuation
system is capable of letting the system move freely.

Force/Impedance Rendering To be able to actuate and control the system on a kinetic rather
than a kinematic level, CARL provides the means for accurate force and impedance
control at the actuator level. The impedance corresponds to the co-contraction of
antagonistic muscle groups.
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Biarticular Actuation To further increase the system’s efficiency and mitigate the dilemma
of high torque/power requirements at the distal joints, CARL features, additionally to
its three monoarticular actuators, two biarticular actuators – one spans the hip and
the knee, the second spans the knee and the ankle.

Sensory Feedback CARL provides the sensory feedback that is required by the high-level
control approaches – essentially the actuator forces, the joint positions/velocities,
and the CoP feedback from the foot.

CARL’s functionality has been validated in three final experiments. Therefore, the leg is
suspended in a test-rig that integrates a treadmill and a winch unit. Depending on the
task, the winch unit can either act transparently or mimicked the action of the second leg
by supporting a defined portion of CARL’s weight. The following properties have been
validated experimentally using this setup:

Transparency A leg swing demonstrates CARL’s capability to act transparently and thereby
enable the exploitation of its natural dynamics during a cyclic motion – the leg is
capable of swinging freely while all RRLab SEAs produce the commanded reference
force. Those results proof that, although being coupled, the distributed force control
of the five SEAs is functional.

Impact Tolerance To demonstrate CARL’s impact tolerance all actuators are commanded
to generate a desired impedance while the leg is dropped from a height of 0.2 m.
Besides the mechanical robustness, the experiment illustrates the system’s capability
to generate the desired actuator impedances.

Coordinated Walking Motion In a final experiment CARL demonstrates its capability to
render a dynamically unbalanced human-like gait. Driven by a behavior-based control
that is derived from B4LC, the overall system produces a motion that resembles the
human gait pattern. By the resulting motion, the functionality of all subsystems that
constitute CARL is illustrated.

Video material of three experiments conducted with CARL is accessible at https://
vimeo.com/schuetz.

Notably, throughout many hours of initial operation and experiments, CARL has proven to
be very reliable. The overall mechatronic system, especially the mechanics, have functioned
without any major failure. The most vulnerable components in the system are the miniature
electric connectors that are used to connect the embedded system to the sensors. However,
in particular, the mechanics – the RRLab SEAs as well as the leg structure – worked
flawlessly. Thereby, CARL is a robust platform that can be replicated to bring B4LC to a
physical biped.

8.1 Domain-Specific Contributions
While the overall contribution of the thesis has been mentioned above, the thesis contains
more specific contributions in the context of the various subsystems. The accumulation of
those domain-specific contributions has enabled the overall contribution. Therefore, the
following highlights the specific contributions contained within the work at hand.

https://vimeo.com/schuetz
https://vimeo.com/schuetz
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Control-Driven Design Approach

A holistic, requirements-driven approach to the design of CARL has been a key enabler to
the overall contribution. The set of requirements has mainly been derived from B4LC. As
the design of B4LC [Luksch 10] focuses on the control aspects, further functional aspects
found in biomechanical research complement the requirements. Therefore, although
derived from B4LC, the elaborated set should also cover the requirements of other bio-
inspired control approaches. The design of CARL has been decomposed into three main
subsystems – a transparent actuation unit, a proprioceptive robotic foot, and the leg
structure. The transparent actuation unit is further subdivided into the physical actuator
and its encapsulating embedded system.

The impact of the subsystems on the overall system’s properties is elaborated to achieve a
final system that meets the high-level requirements. For each subsystem, the high-level
requirements have been complemented by domain-specific requirements as well as the
design-dependencies to other subsystems. The latter pays heed to the fact that – especially
in a complex and tightly integrated system as a robotic leg – the design of the subsystems
cannot be driven independently from each other.

Comprehensive Unlumped Two-Load SEA Model

For the actuation unit, a linear SEA has been identified as the most suitable approach
for the physical actuator. To fully understand the implications of the design decisions, a
comprehensive unlumped SEA model is introduced. The model reflects the system behavior
considering one movable load at each actuator output. In particular, the lumped models in
which all movable masses are merged led to wrong conclusions in the literature.

Understanding the SEA dynamics, the operating conditions that allow for the merging of
the two loads are derived. The simplified model is extended by a set of standard control
loop cascades. The intuitiveness of the modeling is increased by transferring the system
dynamics to the electric domain. From those investigations, the reflected inertia of the
drivetrain has been identified as a crucial mechanical characteristic of a SEA.

SEA Design Metric

The insights gained from the detailed SEA model indicate the benefits of a low output
impedance – in particular, a minimized reflected inertia. Thereby, the natural actuator
dynamics are reduced and shaped towards the requirements of the overall system. A design
metric is proposed that balances the strive for minimal reflected inertia against other design
constraints – i.e., torque, speed, weight, and volume. Based on this metric, the design of
two highly-integrated linear SEAs with minimized reflected inertia had been presented. The
RRLab SEA 70 is designed to actuate the more proximal joints while the scaled RRLab SEA
50 targets the deployment at the distal joints. Compared to similar SEAs presented in the
literature, the reflected inertia is at least one magnitude smaller [Zhao 15c, Orekhov 15,
Robinson 00]. In experiments, it has been shown that the minimized reflected inertia is
beneficial for the open-loop and the closed-loop characteristics.
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FPGA-Based Embedded System

A FPGA-based embedded system encapsulates the RRLab SEAs. Pursuing a strict HW/SW
co-design approach, a concept for the embedded system has been presented that meets
the hard application requirements while enabling for the extension of a full-featured
robotic framework to the embedded nodes – an explicit design goal formulated by driving
institutions of the robotic framework community [Gerkey 17]. Nevertheless, the control
loop frequencies that have been achieved – impedance control 5 kHz, force control 10 kHz
– match or exceed similar solutions [Radford 15, Hirzinger 02].

Proprioceptive Foot

Until today, the mechanical structure of robotic feet is mostly rather simple mechani-
cal structures with the sensory system being treated as a separate system [Kaneko 11,
Negrello 15, Knabe 15, Radford 15, Ott 10]. Furthermore, the mechanical structure and
the sensory system are mostly treated as two separate design entities. Therefore, this thesis
presented an approach that exploits the structural aptness of a COTS prosthetic foot while
extracting the sensory information from its intrinsic deformation. Thereby, the two design
entities are united. The deformation is captured by strain gauges that are directly applied
to its structure. Therefore, the weight of the foot is reduced by at least 20 % compared to
other solutions. Two approaches for the extraction of the sensory information are compared
– polynomial fitting and NNs. The achieved performance and the system’s sensitivity to a
changing ground surface have been illustrated in two experiments.

Redundantly-Actuated Leg Structure

The thesis introduced the design of a fully actuated leg structure that integrates mono- and
biarticular actuation. It is novel in the regard that it is driven by an inherently compliant
actuation that supports the high-fidelity force/impedance control at the actuator level. It has
been discussed how the interaction between the actuators is shaped by the properties of the
linkage mechanisms that couple the linear SEAs to the joints. A methodology to determine
the properties of the associated seven linkages has been described – the linkages of the
monoarticular actuators establish the main joint characteristics while the linkages of the
biarticular actuators can be designed to meet specific functional requirements. Furthermore,
a condition that describes the limitations of the coupled system to act transparently has
been proposed.

8.2 Outlook
The existing system poses a platform that can be used to gather further experiences
and insights when controlling a redundantly actuated bio-mimetic leg. Nevertheless,
throughout the development of CARL, open research questions have been left behind in
the context of every subsystem that can be potentially addressed in future research.

The most obvious next step is the addition of a second leg. With a second leg, the constraints
on themovement of the trunk, which are introduced by themomentary test-rig configuration,
can be removed. Therefore, this enables the investigation of more complex high-level
control approaches that have to include reflexmechanisms to stabilize the trunk. At the time
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of writing, the mechanical components for a second leg are already being manufactured,
and the replication of CARL is envisaged. Therefore, the presentation of some first results
is to be expected soon.

The following lists some aspects that could be the subject of future research for the different
subsystems.

RRLab SEA

Although the design and the performance of the RRLab SEAs meets the requirements, many
aspects could be further investigated:

Weight Reduction At the current state, the mechanical design of the RRLab SEAs is not
optimized for minimal weight. The focus was more on achieving a mechanically
reliable solution of the first prototype. Thus, the weight of the design can be further
reduced – especially, if the desired spring stiffness is known.

Non-linear Elasticity While the COTS die springs pose the most suitable solution for the
first proof-of-concept, their linear characteristic entails a compromise between the
large-force bandwidth and the resolution of small forces. Elasticities with non-linear
characteristics could potentially mitigate this dilemma.

Sensor Noise The sensor noise is a limiting factor for the closed-loop control of the SEAs.
In particular, the maximum derivative gain of the PD control is limited by the noise
of the spring deflection. A potential solution could be the deployment of multiple
sensors that capture the spring deflection. With the current design of the RRLab
SEA’s spring system, three linear iC-MUs could be placed in parallel. As the noise
distribution is Gaussian-shaped, the noise could be reduced by a factor of 3.

Carbon-Fiber Leaf Spring In the current setup, the weight of the die springs roughly equals
the motor’s weight. Moreover, the guiding of the springs entails a significant mechan-
ical overhead. A leaf spring made from carbon-fiber composite material could be
deployed to mitigate both shortcomings. Similar to the proprioceptive foot, the force
could be estimated through the application of the strain gauges.

Further Reduction of the Reflected Inertia By optimizing the design of the RRLab SEA 70’s
rotor shaft, it could be manufactured from 7075 aluminum. Thereby, the reflected
inertia could be further decreased.

Force Estimation The damping of the spring system could be included to improve the
estimation of the output force.

Liquid Cooling The design of the RRLab SEAs allows for the extension to liquid cooling.
Thereby, the power density of the actuators can be increased by a factor of approxi-
mately 2.5.

Energy Recuperation As the design of the RRLab SEAs is favorable for the recuperation of
negative energy, its potential – in particular during the gait cycle – has to be further
investigated.
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Embedded Nodes

From a functional point of view, the embedded nodes are fully suitable for their designated
purpose. Nevertheless, some aspects can be improved:

FPGA Current Control To decrease the physical dimensions of the embedded nodes, the
current control and the commutation of the BLDC motor should be implemented in
the FPGA and thereby fully exploit its versatility. Besides the physical dimensions,
this would also reduce the energy consumption of the overall embedded system.

Tight Integration Currently, the embedded nodes are added to the sides of the leg structure.
With a reduced physical dimension, they should be more tightly integrated into the
leg structure – possibly using the structural elements of the leg as a heat sink.

Inter-Node Communication FinEmbP can be extended for inter-node communication. In
particular, if propriospinal reflexes are to be implemented, this would reduce the
communication latency. In the current implementation, inter-node communication is
routed over the master PC.

Embedded Behaviors By deploying Finroc to the embedded nodes, the infrastructure exists
to distribute some behaviors to the embedded nodes. In combination with the inter-
node communication mentioned above, this would result in a physically distributed
behavior network. In particular the monosynaptic and the propriospinal reflexes
could be deployed to the embedded nodes.

Proprioceptive Foot

The foot subsystem is still the most experimental of the subsystems and therefore leaves
the most space for further research. Concerning the foot system, the points that have been
identified for further research are:

Foot Structure A coupled foot structure characterizes the prosthetic foot used for the
implementation presented in this thesis. Presumably, this is meant to imitate certain
functional aspects observed in the human foot structure, e.g., theWindlassmechanism.
Therefore, different foot structures could be investigated, e.g., with a prosthesis with
an uncoupled foot structure. The investigations are two-fold. On one side, the effect
of the foot structure on the gait can be observed which might potentially deliver some
valuable feedback for the design of the prosthesis. On the other side, the influence
of the foot structure on the extraction of the sensory information has to be further
investigated.

Strain Gauge Placement In the current system, the placement of the strain gauge is based
on empirical observations. Having more in-depth information from the manufacturer
(or from a detailed simulation) about the structural properties of the prosthesis would
undoubtedly improve the strain gauge placement. It can be expected that this would
result in a better performance of the sensory system.
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Amplification Electronics The PCB that implements the half bridges and the amplification
electronics used in this thesis is the first prototype. Naturally, the first iteration has
some shortcomings. Thus, an improved design of the amplification circuitry and the
respective ADC would further improve the functionality of the sensory system.

System Calibration The results presented in this thesis are based on the calibration with
the WBB from Nintendo. The presented results of the proprioceptive sensory system
are close to the precision of the WBB. Thus, a professional-grade force plate should
be used to estimate the performance limits of the presented approach.

Leg Structure

Together with the RRLab SEAs, the leg structure establishes the main part of CARL’s
actuation properties. Therefore, most of the fundamental questions to be addressed in the
future are related to the interplay of the two subsystems.

Exploitation of Biarticularity From using the system as it has been presented in this thesis,
the most relevant mechanism for the exploitation of the biarticularity when per-
forming different motions can be identified. The redundancy could be addressed by
optimization, the concept of muscle synergies, or an additional behavior-based layer
that complements B4LC. Some preliminary investigations in this regard are already
being conducted [Nejadfard 18a].

Formal Synthesis Currently, the monoarticular levers are directly derived from the B4LC
profiles, the biarticular linkages are synthesized empirically. The formal synthesis of
the combination of mono- and biarticular linkages under heterogeneous constraints
– functional as well as physical – is subject of ongoing research [Nejadfard 18b].

Stiffness Distribution Another aspect that is currently solved through educated guessing is
the distribution of actuator stiffnesses within the leg. Hence, an analytical approach
to determine the suitable stiffnesses for the mono- and biarticular SEAs has to be
found.

Furhter DoFs CARL is only restricted to the sagittal plane. More DoFs have to be added to
the leg structure to perform 3D human-like bipedal walking. In particular, to unite the
additional DoFs with the biarticular actuators poses a challenge for the mechanical
design. As they are not acting in the sagittal plane, their design is driven by other
requirements. Therefore, they do not necessarily have to be driven by RRLab SEAs or
EM actuation in general.

Overall, the presented system can serve as a blueprint for the design of a bipedal robot that
is tailored for biologically-motivated human-like walking. The obtained results suggest the
extension of the system by a second leg and the additional DoFs required for 3D walking.
In this context, a whole set of new aspects across all domains has to be investigated.
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A. Finroc

As it is referred to at many places throughout the thesis, the following is meant to provide
some more in-depth information on Finroc1.

As shown in Figure A.1, conceptually the framework is decomposed into layers – a slim core,
interface definitions elements and intra-process transport(s), base concerns, leaf concerns,
and repositories of components. The framework is implemented in C++11, the tooling in
native Java. The core and the central plugins are open-source and available under GPL on
the website.

Core

Core Concerns

stnemelE noitinifeD ecafr
et

nI

snrecnoC esaB

snrecnoC faeL

Components

Figure A.1: The layered decomposition underlying Finroc. From [Reichardt 17]

Figure A.2 shows the more detailed illustration of the conceptual framework modularity.
From a technical point of view, all concerns are implemented as separate software entities
that can be again divided into sub-concerns. Except for the core, all entities are optional.

1http://www.finroc.org/

http://www.finroc.org/
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Hence, choosing a suitable set of entities, the framework can be tailored to the specific
application requirements. The figure illustrates that the standard Finroc modules, as well
as the iB2C behaviors, are two possible component models that can be used within Finroc.
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Figure A.2: The vision of a framework modularity that forms the structural basis of Finroc.
From [Reichardt 17]

This flexibility enabled the deployment of Finroc to the FPGA-based embedded nodes. In
particular, the possibility to run the framework on a bare metal platform is a design goal
formulated for ROS 2.0 [Gerkey 17]. Figure A.3 depicts the configuration that is run on the
bare metal Intel/Altera Nios II. It is cross-compiled using the c++11 compiler provided by
Altera to which a small set of missing functions had to be added. Notably, in this context,
FinEmbP poses the implementation of the network transport.

A Finroc application is composed of interconnected components. The basic component
in a Finroc application are modules. A set of ports defines their interfaces – the data
is published via output ports and received via input ports. edges connect the ports. To
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Figure A.3: Finroc configuration deployed to the bare metal FPGA soft core. From [Reichardt 17]

establish a clear application structure, modules can be encapsulated by a group that again
features its own port interface. Groups and modules can be executed in different parts. A
part usually represents a single process or executable.

A set of components with connected data ports defines a data flow graph. An exemplary
flow graph is illustrated in Figure A.4. It shows two parts that are exchanging data via
edges. It is distinguished between sensor (yellow) and controller (red) data – sensor data
flows upward, controller data downwards. The data flow also determines the scheduling
of the execution within a part – first, the sensor data path is calculated, afterward the
controller path.

So far, the component types supported by Finroc are the plainmodules and groups, the sense-
control modules and the sense-control groups, and integrated behavior-based control (iB2C)
behaviors, see Figure A.5. In a sense-control module, the functionality is implemented in the
Sense and Control task/function. As the names suggest, the first is meant to process sensor
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Figure A.4: Data flow graph of a Finroc application. The application is decomposed into modules,
groups, and parts. From http://www.finroc.org/.

data, the latter to process the control data. A plain module in contrast only implements a
Update task/function in which the incoming data is processed and outputted. Both module
types feature a set of parameters that can be defined by the programmer and changed at
runtime.

(a) (b) (c)

Figure A.5: Three component models defined Finroc – ((a)) a sense-control module, ((b)) a plain
module, and ((c)) an iB2C behavior. From [Reichardt 13a].

Finroc comes with a set of tools that facilitates the development process. Finstruct is
a graphical tool that allows for the visualization of an application’s data graph – see
Figure 4.46 for an exemplary illustration. Furthermore, all sensor and control data can be
inspected, and the modules can be parametrized.

The FinGUI is a tool that supports the creation of application-specific graphical user
interfaces. It provides standard components that can be instantiated and connected to the
data ports of the Finroc application, e.g., an oscilloscope, LEDs, LCDs, buttons, or a joystick.

http://www.finroc.org/
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Figure A.6: FinGUI that illustrates the system state during the walking experiments.

B4LC is implemented using Finroc2 and its iB2C plugin that supports the implementation
of behavior-based systems. Figure A.5c depicts a behavior and the associated interface. A
three-tuple describes the functionality of the behavior

B = (fa, fr, F ), (A.1)

where fa is the activity function, fr the target rating function, and F the transfer function.
A behavior features a set of meta signals. The incoming meta signals – the stimulation
s ∈ [0, 1] and the inhibition i⃗ ∈ [0, 1] – modulate the behavior’s activity and therefore its
influence on the overall system’s behavior. The two signals define the behaviors activation
as

ι = s · (1 − i). (A.2)

Thus, the transfer function of the behavior is defined as

F (e⃗, ι) = u⃗. (A.3)

There are two outbound meta signals. The activity a ∈ [0, 1] indicates the influence
a behavior wants to have within a network. The target rating r ∈ [0, 1] expresses the
behavior’s contentment with the current situation. Similar to a plain module, the behavior
processes the incoming data e⃗ and thereby produces the output u⃗.

Fusion behaviors coordinate multiple behaviors. Their meta signal interface is the same as
for normal behaviors, but they exhibit a different input and output interface. The input
vector e⃗ is composed of the activity ai, the target rating ri, and the output vector u⃗i of the

2http://www.finroc.org/

http://www.finroc.org/
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Fusion
Behavior

B2B1 B3

Figure A.7: Exemplary fusion of three behaviors. From [Luksch 10].

competing behaviors. The input vectors are fused to a single output vector u⃗ according to
one of the three available fusion methods – maximum, weighted average, or weighted
sum fusion. For more in-depth information on the iB2C architecture refer to [Luksch 10,
pp.77] or [Proetzsch 10, pp.61].



B. V-REP Simulation

A simulation of CARL has been implemented to test the preliminary stages during the
development of the high-level walking control. The simulation is implemented using the
virtual robot experimentation platform (V-REP)1. Figure B.1 shows a screenshot of the
simulation environment. A stable simulation of the physical system is achieved using the
Bullet engine with simulation step times of 0.2 ms and the very accurate parameter set.

Figure B.1: Screenshot of the simulation of CARL and test-rig implemented in V-REP.
From [Vonwirth 17].

The physical simulation of CARL structurally mimics the full leg structure including the
linkage mechanisms. The RRLab SEAs are implemented as linear force sources while V-REP

1http://v-rep.eu/

http://v-rep.eu/


272 B. V-REP Simulation

scripts establish the actuator dynamics. The foot’s sensory system is implemented using an
array of force sensors that are distributed over the foot surface.

V-REP is extended by a dedicated Finroc interface that establishes the interface to the
other Finroc parts. Establishing a similar interface as CARL at that level, the simulation
and the robot are interchangeable.

Due to the small time steps, the main limitation of the simulation environment is the
low simulation speed. V-REP neither supports multi-threading nor the use of the GPU.
Therefore, currently the NVIDIA PHYSX2 is being investigated as an alternative. As it is
designed to exploit the computational resources of the NVIDIA GPUs, first results indicate
a significant improvement regarding the computational performance of the simulator.

2http://www.nvidia.de/object/nvidia-physx-de.html

http://www.nvidia.de/object/nvidia-physx-de.html


C. Biomechanical Descriptors

Figure C.1 depicts the anatomical terms that are commonly used to describe the direction
or position relative to the human body. In particular the terms proximal and distal are used
extensively. They describe the relative position with respect to a common reference with
proximal being closer and distal more distant to the reference. In the context of the human
body, the main mass of the body is mostly used as the implicit reference.

Figure C.2 illustrates the planes and axes that define a coordinate system in the human
body. The origin of the coordinate system lies in the CoM of the human body. The three
axis are the anteroposterior, the mediolateral, and the longitudinal axis. The three planes of
the coordinate system are the frontal, the transverse, and the sagittal plane. Human walking
is mostly happening in the sagittal plane.

Figure C.3 introduces the biomechanical terms that describe the motion of the four major
segments – the trunk, the thigh, the shank, and the foot – in the sagittal plane. The
terms flexion and extension are used to describe the relative angular motion between two
segments. Flexion generally describes the motion that decreases the relative angle and
extension accordingly the opposite. For the ankle, the two descriptors are substituted by
plantarflexion (extension) and dorsiflexion (flexion).
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Figure C.1: Anatomical terms describing relative position or direction. From [Hamill 15].

Figure C.2: Planes and axes used in biomechanic literature to describe the human movements.
From [Hamill 15].
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Figure C.3: Anatomical terms used to describe the motion of the trunk, the thigh, the shank (leg),
and the foot. From [Hamill 15].
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D. RRLab SEA Implementation Details

In the following, some further details of the RRLab SEA implementations are depicted by a
selection of images.

(a) (b)

Figure D.1: Rotor shaft of the (a) RRLab SEA 50 made from 7075 aluminum and (b) RRLab SEA 70
made from 1.7225 steel.



278 D. RRLab SEA Implementation Details

Figure D.2: Assembled rotor units including the ball screws and the locating bearings of the RRLab
SEA 70 (back) and the RRLab SEA 50 (front).

(a) (b)

Figure D.3: Motor housings/stators of the (a) RRLab SEA 50 and (b) the RRLab SEA 70.
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(a) (b)

Figure D.4: Cylindric cages of the spring system of the (a) RRLab SEA 50 and (b) RRLab SEA 70.

Figure D.5: Proximal output of the RRLab SEA 50.
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Figure D.6: Motor cover with the precision steel pipe that guides the ball screw of the RRLab SEA
70. The custom plain bearing that is required for the relative motion between the steel pipe and
the proximal output is also shown.
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About this Book

Although today’s bipeds are capable of demonstrating impres-
sive locomotion skills, in many aspects, there’s still a big gap 
compared to the capabilities observed in humans. Recently, an 
increasing number of biologically-inspired control approa-
ches have been presented from which a human-like bipedal 
gait emerges. Due to the lack of suitable robotic platforms, 
until today the controllers have been mostly applied to simu-
lations.
Therefore, as the first step towards a suitable platform, this 
thesis presents the Compliant Robotic Leg (CARL) that fea-
tures mono- as well as biarticular actuation. Throughout the 
design process, CARL is understood as a unified dynamic sys-
tem that emerges from the interplay of the mechanics, the 
electronics, and the control.
The result is a planar robotic leg whose three joints are driven 
by five highly integrated linear SEAs – three mono- and two 
biarticular actuators – with minimized reflected inertia. The 
SEAs are encapsulated by FPGA-based embedded nodes that 
are designed to meet the hard application requirements while 
enabling the deployment of a full-featured robotic framework. 
CARL’s foot is implemented using a COTS prosthetic foot; the 
sensory information is obtained from the deformation of its 
main structure. Both subsystems are integrated into a leg 
structure that matches the proportions of a human with a size 
of 1.7 m.
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